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ABSTRACT 


/ 

Experimental  results  are  presented  to  show  the  effect  of  surface  roughness  and  of 
surface  oxidation  on  the  radiant  properties  of  platinum  and  of  304  stainless  steel. 

The  radiant  properties  investigated  include  total  and  spectral  normal,  hemispherical, 
and  directional  emittance  ms  a  function  of  emission  angle,  polarization,  temperature, 
and  surface  roughness  or  oxide  film  thickness.  - . .  ,,-3. 

Emittance  data  are  presented  for  UvepV^imm^j^plea  with  surface  roughness  a,  \ 
values  between  0.20  and  2. 50  ^  rms,  at  five  temperatures  between  865*''and  1645*  K.  \ 
and  at  selected  wavelengths  between  1  and  12  ($.  Similar  data  are  presented  for  nine  j 
stainless  steel  samples  with  surface  oxide  film-thickness  values  between  0  and 
at  five  temperatures  between  535*  and  1090*  K.  Variations  in  the  radiant  properties 
of  each  material  are  explained  in  terms  of  the  differences  in- surface  characteristics 
of  the  samples,  or  of  changes  in  their  surface  characteristics  as  the  result  of  anneal¬ 
ing,  recrystallization,  and  oxidation  during  the  high  temperature  emittance  tests. 


Methods  used  to  evaluate  the  physical,  chemical,  and  geometrical  characteristics 
cf  the  sample  surface  include:  profiiometry ,  optical  and  electron  microscopy, 
x-ray  and  electron  diffraction,  and  arc  spectroscopy.  The  advantages  and  short¬ 


comings  of  these  methods  are  discussed  and  typical  results  are  presented. 
Distribution  of  this  abstract  is  unlimited. 
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The  definitions  and  symbols  used  in  this  report  for  the  thermal  radiation  properties 
of  materials  and  surfaces  are  the  same  as  described  in  (1).  Words  ending  in  ivity 
are  used  to  describe  intrinsic  properties  of  a  bulk  material;  words  ending  in  ance 
denote  properties  of  a  specimen  surface;  and  words  ending  in  ion  describe  processes. 
Thus,  emissivity  is  an  intrinsic  property  of  the  pure,  bulk  material;  emittance  is  a 
property  of  the  emitting  surface  measured  relative  to  the  same  property  for  a  black- 
body;  and  emission  is  the  process  by  which  thermal  energy  is  emitted  by  a  surface  or 
body  by  virtue  of  its  temperature.  The  symbols  used  in  this  report  are  defined  in  the 
following  list: 
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Section  I 
INTRODUCTION 


The  research  described  in  this  report  is  a  continuation  of  that  reported  in  AFML- 
TR-64-363,  Investigation  of  the  Effect  of  Surface  Condition  on  the  Radiant  Properties 
of  Metals  (1).  The  purpose  of  these  studies  was  to  experimentally  and  analytically 
investigate  the  effects  of  surface  condition  (e.g.,  roughness  and  oxidation)  on  the 
emittance  properties  of  metals.  During  the  first  year,  experimental  techniques  were 
developed  for  preparation  of  pure  metal  specimens  with  varying  degrees  of  surface 
roughness  and  for  measurement  of  their  absolute  and  relative  directional  emittance 
properties.  Results  were  presented  for  carefully  prepared  specimens  of  copper, 
tungsten,  and  platinum.  Analytical  methods  were  used  to  obtain  the  optical  cons¬ 
tants  for  each  metal  from  the  relative  spectral  directional  emittance  data  for  each 
of  the  smooth-surface  specimens .  Theories  for  the  reflection  of  electromagnetic 
energy  from  a  randomly  rough  surface  were  examined  to  determine  their  applicability 
for  prediction  of  roughness  effects  on  the  directional  distribution  of  emitted  thermal 
energy. 

This  report  describes  effort  in  the  second  year  during  which  additional  studies  were 
completed  on  the  effect  of  surface  roughness  on  the  emittance  properties  of  platinum, 
and  an  investigation  was  m^do  of  the  effects  of  surface  oxidation  and  roughness  on 
the  emittance  properties  of  stainless  steel . 

The  physical  condition  and  geometric  features  of  the  roughened  platinum  surfaces 
were  evaluated  using  profilometric  and  photomicrographic  methods  similar  to  those 
described  in  (1).  Several  new  techniques,  principally  involving  the  use  of  electron 
microscopy,  were  investigated  for  evaluation  of  the  thickness,  morphology,  and 
composition  of  the  oxide  films  that  were  obtained  on  the  stainless  steel  specimens. 
These  methods  are  described  in  Section  HI  and  the  results  are  discussed  in  Section  V. 

Emittance  results  are  presented  for  five  platinum  specimens  and  nine  stainless  steel 
specimens  and  include  the  total  normal,  total  hemispherical,  spectral  normal,  rela¬ 
tive  total  directional,  and  relative  spectral  directional  emittance.  These  properties 
were  determined  at  temperatures  between  535*  and  1645*K  and  zi  wavelengths 
between  1  and  12  p.  The  relative  spectral  directional  emittance  determinations 
were  made  for  both  the  parallel  and  the  perpendicular  components  of  oolarized  radia¬ 
tion  from  the  specimens .  Complete  sets  of  emittance  data  were  obtained  at  each  test 
temperature  as  permitted  by  available  energy  levels.  The  results  are  presented  in 
the  same  format  as  was  used  for  <1) ,  with  complete  sets  of  data  for  each  test  speci¬ 
men  presented  in  a  separate  section  (Section  VII)  to  facilitate  detailed  study  by  other 
investigators. 
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Section  II 

RADIANT  PROPERTIES  OF  SURFACES 
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1.  INTRODUCTION 

Although  the  thermal  emission  of  radiant  energy  by  a  material  is  usually  thought  of  * 

as  a  surface  phenomenon,  the  emitted  energy  actually  originates  from  within  the  body 
of  the  material.  The  energy  is  generated  by  thermal  excitation  of  atomic  and  molecu¬ 
lar  oscillators  (i.e.,  free  and  bound  electrons  and/or  lattice  bonds)  that  are  charac¬ 
teristic  of  the  chemical  composition  of  the  material  and  its  physical  state.  At  a  given 
temperature,  each  collection  of  oscillators  generates  a  unique  spectrum  of  electro¬ 
magnetic  frequencies  (or  wavelengths)  characteristic  of  the  material  lattice .  The 
amount  of  energy  that  reaches  the  surface  depends  upon  the  frequency  of  the  radiation, 
the  distance  between  the  oscillator  and  the  surface,  the  optical  constants  of  the  mate¬ 
rial,  i.e.,  index  of  refraction  and  absorption  coefficient,  and  the  scattering  charac¬ 
teristics  of  the  material. 

For  the  wavelengths  commonly  associated  with  optical  and  thermal  energy  (i.e. ,  0.25 
to  40  //.),  the  depth  of  penetration  of  an  incident  electromagnetic  field  can  range  frcm 
very  small  to  very  large  values  depending  on  the  absorption  and  scattering  properties 
of  the  material.  Since  the  extinction  (absorption)  coefficients  for  metals  are  large  in 
this  spectral  region,  the  radiant  energy  cannot  travel  farther  than  a  few  hundred 
angstroms  before  total  absorption  occurs.  Similarly,  the  internally  generated  radiant 
energy  reaching  the  surface  of  a  metal  originates  from  oscillators  in  a  very  thin  sur¬ 
face  layer,  from  0  to  perhaps  1000  A  deep.  As  the  extinction  coefficient  decreases, 
there  is  a  corresponding  increase  in  the  effective  depth  of  the  surface  layer.  If  the 
material  is  a  metal  oxide,  the  depth  of  penetration  may  be  one  or  two  orders  of  mag¬ 
nitude  larger  than  for  metals.  However,  since  few  data  are  available  on  the  optical 
constants  of  metal  oxides  commonly  encountered  in  engineering  practice,  a  definite 
statement  of  depth  cannot  be  made.  If  the  oxide  is  thick  enough  to  be  opaque  then 
all  the  energy  reaching  the  surface  will  ha;  e  been  generated  within  the  oxide  layer. 

As  the  thickness  decreases  below  opacity,  an  increasing  percentage  of  the  energy 
reaching  the  emitting  surface  will  originate  from  the  metal  substrate. 

Regardless  of  its  origin,  a  portion  of  the  energy'  reaching  the  surface  is  e  litted  by 
transmission  and  refraction  into  a  new  medium,  e.g. ,  air,  vacuum,  or  a  thin  film  t 

with  different  opti-'-  '  constants,  and  the  remainder  is  internally  reflected  back  into 
the  original  materia; .  The  relative  proportions  of  emitted  and  reflected  energy  at 
the  surface  depend  upon  the  wavelength  of  the  radiation,  its  angle  of  incidence  on  the 
surface,  and  the  relative  index  of  refraction  of  the  two  media. 
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When  all  of  the  parameters  are  known  or  specified,  it  is  possible  to  calculate  the 
einittanee  properties  of  the  surface  [e.g.,  see  (2,  3,  4)  J .  However,  even  for  smooth 
surfaces  the  calculations  are  tedious  except  for  the  case  of  normal  incidence.  For 
off-normal  angles  of  incidence,  the  reflected  (and  refracted)  energy  is  a  function  of 
polarization  and  phase-change  phenomena  as  well  as  wavelength  and  temperature. 
Therefore,  computer  techniques  are  usually  employed  to  obtain  solutions  of  the 
equations . 

The  solutions  obtained  generally  apply  for  ideal  conditions  of  uniform  surface  coatings 
on  smooth  metallic  substrates.  Application  of  the  equations  to  those  surfaces  created 
by  oxidation  of  common  materials  is  extremely  difficult  due  to  the  tremendous  variety 
of  surface  layer  structures  that  exist  on  practical  engineering  materials  used  for 
optical  and  heat-transfer  applications.  Geometrical  variations  in  surface  profile, 
various  preferred  orientations  of  crystal  lattice,  strains  and/or  defects  in  the  lattice 
structure,  porosity  or  chemical  inhomogeneities  in  the  surface  layer,  and  thin  con¬ 
taminant  films  are  commonly  found  on  engineering  materials.  These  physical,  chemi¬ 
cal,  and  geometrical  variations  of  the  surface  layer  produce  conditions  far  from  the 
ideal  state.  Therefore,  laboratory  measurements  are  presently  the  only  scarce  of 
reliable  values  for  the  radiant  properties  of  a  given  complex  surface.  Hopefully,  as 
methods  and  techniques  are  developed  for  complete  surface  characterization,  and  as 
experimental  data  on  the  radiant  properties  of  carefully  characterized  surfaces  are 
accumulated,  then  a  more  thorough  assessment  of  the  effects  of  surface  condition  on 
radiant  properties  will  be  possible. 

2.  SMOOTH  SURFACES 

The  optical  behavior  of  smooth,  pure,  metal  surfaces  has  received  the  attention  of  a 
large  number  of  investigators  for  many  years.  As  a  result,  a  vast  amount  of  litera¬ 
ture  is  available  describing  experimental  and  theoretical  results  which  apply  to  pure, 
polished  surfaces.  The  proceedings  of  a  recent  colloquium  (5)  provide  an  excellent 
indication  of  the  progress  being  made  in  this  area  of  study. 

The  pure,  polished  surface  is  of  interest  since  its  behavior  is  closely  linked  with 
r  -  iperties  of  the  bulk  material.  These  are  altered  by  nonideal  surface  conditions. 
Tnerefore,  the  properties  of  smooth  samples  were  experimentally  determined  to 
establish  the  required  reference  values.  The  nomenclature  used  to  describe  reflec¬ 
tion  and  emission  from  a  surface  was  presented  previously  in  (1)  and  is  repeated 
herein  for  convenience  of  the  r  eader. 

In  Figure  1  the  surface  plane  of  an  emitting  mat'  rial  is  represented  by  | ,  n  is  the 
complex  index  of  refraction  of  the  material,  and  iIq  is  the  index  of  refraction  of  the 
surrounding  medium .  internally  generated  thermal  radiation  incident  on  the  surface 
at  angle  <p  to  the  surface  normal  is  either  reflected  at  angle  <pl  or  is  transmitted 
and  refracted  into  the  surrounding  medium  :  .t  angle  9  .  Similarly  for  the  reflectance 
case,  external  energy  incident  on  the  surface  at  angle  O'  is  either  reflected  at  angle 
9  or  is  refracted  into  the  material  at  angle  <p 1  .  Except  for  the  case  of  normal 


J 

I 


> 


3 


4 


incidence,  both  the  direction  of  propagation  and  the  direction  of  polarization  of  the 
radiation  must  be  considered  to  calculate  either  the  reflectance  or  the  emittance  of 
the  surface. 

In  Figure  2  the  plane  of  emission,  \  >  is  defined  as  a  horizontal  plane  perpendicular 
to  the  surface  plane  £  .  The  angle  of  emission,  6  ,  gives  the  direction  of  propaga¬ 
tion  in  the  plane  of  emission,  measured  from  the  normal  to  the  sample  plane.  The 
direction  of  polarization  is  specified  for  the  electric  vector  of  the  wave  where  the 
parallel  ( |j )  component  is  that  which  vibrates  in  the  plane  of  emission  and  the  per¬ 
pendicular  (i.)  component  is  that  which  vibrates  normal  to  the  plane  of  emission. 

Using  the  nomenclature  defined  by  Figures  1  and  2,  expressions  for  the  spectral 
normal  and  spectral  directional  emittance  of  a  material  in  vacuum,  in  terms  of  the 
optical  constants  of  the  material,  were  developed  from  the  Fresnel  equations  in  (1) . 
Such  expressions  are  readily  available  in  open  literature  and  will  not  be  repeated 
here.  It  is  important  to  note  that  the  complex  index  of  refraction  is  a  function  of 
temperature  and  wavelength  which  requires  separate  solution  of  the  equations  for  each 
condition  of  interest.  Unfortunately,  very  few  optical  constant  data  are  available  for 
metals  over  the  ranges  of  wavelength  and  temperature  commonly  used  in  heat-trans¬ 
fer  computations.  Also,  it  is  rare  that  metallic  surfaces  used  in  construction  satisfy 
the  conditions  assumed  in  the  formulation.  That  is,  only  special  laboratory  samples 
are  optically  smooth  and  free  of  surface  strain  and  oxidation.  For  these  reasons, 
direct  application  of  results  obtained  from  the  Fresnel  equations  is  limited  to  special 
circumstances  or  is  at  best  an  approximation  of  actual  conditions. 

In  spite  of  the  departure  of  most  practical  surfaces  from  ideal  conditions,  it  will 
often  be  found  that  the  effects  of  surface  roughness,  oxidation,  and  surface  strain 
are  sufficiently  minor  to  permit  the  assumption  of  ideal  conditions  for  the  purposes 
of  heat-transfer  computations.  This  approach  would  be  satisfactory  for  the  roughened 
platinum  and  nonoxidizea  stainless  steel  samples  examined  during  this  program .  The 
results  presented  in  Section  V  show  that  roughness  up  to  2  p  rms  increases  the  abso¬ 
lute  total  emittance  by  approximately  7%  for  a  roughened,  annealed,  clean  specimen. 
Additionally,  the  ratio  of  hemispherical  to  noi jaal  emittance  is  increased  only  slightly 
(approximately  7%)  by  roughening  in  this  range.  These  minor  departures  from  ideal 
conditions  have  little  influence  on  the  accuracy  of  heat -transfer  computations  that  use 
emittance  properties  obtained  from  smooth,  polished  specimens. 

The  temperature  and  wavelength  dependence  of  spectral  emittance  was  observed 
during  this  program  to  be  a  greater  influence  on  the  total  emittance  properties  of 
platinum  than  was  the  influence  of  surface  roughening.  Therefore,  an  analytical 
study  was  completed  for  the  purpose  of  establishing  straightforward  relationships 
from  which  the  emittance  of  pure  metals  could  be  computed  from  the  fundamental 
optical  properties.  Once  the  emittance  properties  are  established,  it  is  possible  to 
perform  heat-transfer  computations  without  the  assumption  of  gray  surfaces  or  com¬ 
plete  reliance  on  experimental  results. 
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Figure  2.  Propagation  and  Polarization  Directions  for  Emitted  Radiation 


A  number  of  approaches  to  the  computation  of  energy  transfer  between  nongray 
surfaces  have  been  suggested  by  recent  investigators.  These  generally  require 
semigray  approximations  (6,  7),  experimental  spectral  omittance  data  (8,  9),  or 
idealized  multiband  models  (10,  11).  All  of  these  approaches  require  detailed 
numerical  computations  and  fail  to  reveal  a  general  functional  dependence  between 
optical  properties  of  the  materials  and  the  radiant  heat  exchange.  The  numerical 
v/oi  k  reported  by  Branstetter  (8)  provides  interesting  results  in  that  the  net  energy 
exchange  between  metallic  surfaces  is  best  represented  by  a  general  relationship 
that  differs  from  the  fourth-power  dependence  on  absolute  temperature.  However, 
no  analytical  explanation  of  this  result  was  offered.  By  use  of  a  simple  spectral 
emittance  spectrum,  which  is  valid  at  long  wavelengths,  it  is  possible  to  obtain  some 
clarification  of  Branstetter 's  results. 


From  the  single -electron  theory  (12,  13),  the  normal  spectral  emittance  is  given  by 


where 


A 


1 


(1) 


(2) 


and  m  is  the  mass  of  the  charge  carrier,  c  the  speed  of  light,  N  the  number  of 
carriers  per  unit  volume ,  e  the  carrier  charge,  a  the  electric  conductivity,  anti 
tq  the  relaxation  time. 

Equation  (1)  is  based  upon  a  single  set  of  charge  carriers.  It  applies  to  the  Infrared 
part  of  the  spectrum  and  is  applicable  to  relatively  low  temperatures.  For  moderate 
and  high  temperatures,  expressions  based  on  the  two-electron  theory  have  been 
developed  (13,  14),  but  their  applications  have  been  severely  limited  due  to  the  com¬ 
plexity  involved.  The  spectral  hemispherical  emittance  may  be  obtained  from  the 
spectral  normal  emittance  through  use  of  expressions  presented  by  Dunkle  (15) .  In 
general,  the  ratio  of  these  two  quantities  is  dependent  on  the  complex  refractive  index 
and,  consequently,  is  a  function  of  wavelength.  For  metals  at  moderate  temperatures, 
the  hemispherical  emittance  is  approximately  1. 39  times  larger  than  the  normal  emit¬ 
tance  value  obtained  from  Eq.  (1).  For  the  platinum  samples  investigated  during  this 
program,  the  ratio  of  hemispherical  to  normal  emittance  was  approximately  1.2. 

(See  Section  V. ) 
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Even  though  Eq.  (1)  is  the  simplest  form  available  for  prediction  of  spectral  emissivity, 
it  is  still  sufficiently  complicated  so  that  no  simple  closed  form  result  can  be  obtained 
for  total  emissivity.  Therefore,  simpler  approximate  forms  were  sought  that  con¬ 
tained  the  functional  dependence  of  Eq.  (1).  Numerous  approximate  forms  can  be 
derived  that  in  some  degree  match  the  numerical  values  of  Eq.  (1)  for  the  same  values 
of  independent  variables.  However,  no  single  simple  expression  was  found  that  did  so 
over  the  entire  range  of  the  ratio  X/X£ .  Final  selection  of  an  approximate  form  led 
to  the  expression 

e(0NiX,T)  =  (8)1/2(\1A2)|(\2/\)1/2  -  0.32(X2/X)j  (3) 

This  relation  matches  the  behavior  of  Eq.  (1)  with  satisfactory  accuracy  for  the  range 
0. 4  £  XA2  —  00  which  for  most  metals  corresponds  to  wavelengths  beyond  8  p. 

Figure  3  compares  the  approximate  form  with  a  computer  solution  of  Eq.  (1). 

The  total  normal  emittance,  e(0N,T)  ,  is  obtained  from 


e(0N,T) 


00 

'  77 1  £<9n'’'' 


T)  Eb(X,T)dX 


where 


Eb(X,T)  =  ClX~5  [exp  (Cg/X)  -  if1 


Although  Eq.  (3)  is  a  simple  expression,  it  is  still  necessary  to  introduce  an  additional 
approximation  to  obtain  a  useful  closed  form  result  from  the  integration  of  Eq.  (4). 
This  approximation  requires  substitution  of  the  Wien  distribution  for  Eb(X,  T) .  Use 
of  the  Wien  distribution  to  approximate  Planck’s  equation  is  a  valid  procedure  fox  the 
range  of  interest  since  this  distribution  closely  approximates  the  energy  content  given 
by  the  Planck  distribution  through  most  of  the  spectral  range  (10) .  Where  the  approxi¬ 
mation  fails  to  give  close  correspondence,  i.e.,  at  large  values  of  (XT)  ,  there 
remains  but  a  small  portion  of  the  total  blackbody  energy.  Therefore,  the  final 
expression  obtained  provides  numerically  useful  results  that  require  a  minimum 
of  computational  procedure . 

Performing  the  integration  of  Eq.  (4),  with  e(0N,X,T)  and  Eb(X,T)  given  respec¬ 
tively  by  Eq.  {3)  and  the  Wien  distribution,  gives 


e(0N,T)  =  3.96  b2 /l  ••  0.525  b^2) 
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b2  and  b3  characterize  the  effects  of  electrical  conductivity  and  relaxation  time 
and  are  given  by  (16) 

b2  =  (CgkoT/2h0)l/2  ,  bg  -  (27rc3koTro/h)  ,  c3  =  7r(15)~l/4  =  1.601  (7) 

This  result  is  simple  and  compares  very  well  with  the  numerical  solution,  as  shown 
in  Figure  4.  This  result  was  also  compared  to  the  results  of  Parker  and  Abbott  (12) 
where  series  expansions  were  presented  for  solution  of  Eq.  (4)  basing  e(0M,  X,T) 
on  the  original  form  of  the  single-electron  theory.  The  comparison  obtained  with  that 
work  is  excellent  with  better  agreement  for  low  values  of  b„  than  that  shown  in 
Figure  4.  " 

The  form  of  Eq.  (6)  is  of  particular  value  since  b3  may  be  considered  independent 
of  temperature  (13) .  The  value  of  b2  depends  upon  the  electrical  conductivity  and  is 
linearly  dependent  on  temperature  as  shown  by  consideration  of  the  results  presented 
in  (17).  For  the  region  (T/0*)  >  0.5  ,  the  electrical  conductivity  is  closely  repre¬ 
sented  by  the  limiting  relation  of  the  Bloch-Gruneisen  formula. 


4MQ»2 
a  KT 


(8) 


where  M  is  the  atomic  weight,  G*  is  a  characteristic  temperature  of  the  metal 
with  values  close  to  the  Debye  temperature,  K  is  a  constant  characteristic  of  the 
metal  and  its  volume,  and  T  is  the  absolute  temperature.  Using  this  relation  in 
the  definition  of  b0  gives 


where  0'o  is  a  material  constant  with  the  dimensions  of  temperature.  Table  I 
presents  values  for  the  required  constants  determined  from  the  room  temperature 
data  presented  by  Lenham  and  Treherne  (18), 

The  utility  of  the  form  derived  for  spectral  emittance,  Eq.  (3), is  the  ease  of  incor¬ 
porating  it  into  heat-transfer  computations . 

For  example,  the  radiant  heat  exchange  between  parallel  plates  may  be  expressed  by 
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Figure  4.  Total  Normal  Emittance  as  a  Function  of  Characteristic 
Dimensionless  Groups 


Table  I.  Values  of  Constants  for  Pure  Metals  at  Room  Temperature^3- 


20 n  Properties(b) 

Material 

N 

(cm3  x  10'22) 

T°  14 
(sec  x  10*  ) 

i-1  , 

(ohm -cm  x  10  ) 

xi 

00 

&2/T 

CIC^xloS) 

n 

A1 

4.3 

2.1 

3.94 

0.161 

39.5 

15.6 

1.32 

Cr 

1.1 

0.73 

44.3 

0  • 

13.7 

52.2 

0.458 

Co 

1.05 

1.8 

18.8 

0.326 

33.9 

1.03 

Cu 

5.2 

3.15 

2.17 

0.146 

59.3 

11.6 

1.98 

Au 

4.3 

1.1 

6.59 

0.151 

20.7 

20.2 

0.690 

Fe 

1.3 

1.2 

22.8 

0.293 

22.6 

34.7 

0,753 

Ni 

1.6 

1.9 

11.7 

0.264 

35.8 

26.8 

1.19 

Nb 

1.55 

0.9 

25.4 

0.268 

16.9 

39.6 

0.565 

Pt 

2.6 

0.  75 

18.2 

0.207 

14.1 

33.5 

0.471 

Ag 

6.3 

2.5 

2.26 

0.133 

47.1 

11.8 

1.57 

Ta 

0.8 

0.75 

58.2 

0.373 

14.1 

60.4 

0.471 

Sn 

3.0 

0.8 

14.8 

0.193 

15.1 

30.2 

0.502 

Ti 

0.8 

0.3 

14.8 

0.373 

5.65 

95.6 

0.188 

W 

1.3 

1.35 

20.2 

0.293 

25.4 

35.3 

0.847 

n.c. 

Properties^ 

A1 

5 

2.8 

2.56 

0.149 

52.7 

12.5 

1.76 

Cr 

1.15 

2.05 

15.1 

0.311 

38.6 

30.5 

1.29 

Co 

1.2 

5.6 

5.29 

0.305 

105.4 

18.1 

3.51 

Cu 

5.2 

4.4 

1.55 

0.146 

82.9 

9.79 

2.76 

Au 

4.9 

36 

2.02 

0.151 

67.8 

11.1 

2.26 

Fe 

1.3 

3.16 

8.65 

0.293 

59.5 

23.1 

1.98 

Ni 

1.6 

3.4 

6.54 

0.264 

64.0 

20.1 

2.13 

Nb 

1.6 

0.95 

23.4 

0.264 

17.9 

38.0 

Pt 

2,5 

1.5 

9.48 

0.211 

28.2 

24.2 

Ag 

6.3 

3.7 

1.52 

0.133 

69.7 

9.70 

2.32 

Ta 

0.8 

3.6 

12.3 

0.373 

67.8 

27.6 

2.26 

Sn 

3.2 

1.24 

8.95 

0.187 

23.3 

23.5 

0.778 

Ti 

0.8 

1.06 

41.9 

0.373 

20.0 

50.8 

0.665 

W 

1.3 

5.6 

4.88 

0.293 

105.4 

17.3 

3.51 

Zn 

1.5 

4.3 

5.51 

0.273 

81.0 

18.4 

2.70 

(a)  Values  given  are  best  averages  for  hand  polished  or  evaporated  film  surfaces  as 
reported  by  Lenham  and  Treherne  (18). 

(b)  N  and  r0  computed  from  reflectance  measurements  using  mass  and  charge  of 
electron  m  free  space. 


(c)  From  D.  C.  conductivity  measurements. 


where  e(?.,  T)  is  the  spectral  hemispherical  emissivity,  and  the  subscripts  a  and  (3 
refer  to  the  hot  and  cold  surfaces,  respectively.  Equation  (10)  includes  the  assumption 
of  Kirchoff’s  law  and  negligible  effects  of  polarization  and  directionality.  At  low  and 
moderate  temperatures,  e  is  small  and  Eq.  (10)  can  be  placed  in  the  form 

_  7  e(X,T  )e(X,T $)  r  1 

%ip  ~  H  J  €(\,Ta)  +  e(X,Tg)  [Eb(X,T«)  "  Eb(A,T/J)jdX  (11) 


where  H  is  the  average  ratio  of  hemispherical  to  normal  emittance  and  has  a  value 
near  1.3  for  most  metals.  The  integration  indicated  by  Eq.  (11)  can  be  performed  in 
closed  fojrm  using  the  Wien  distribution  and  Eq.  (3)  or  by  a  computer  using  the  Planck 
distribution.  In  either  case,  the  computation  is  considerably  simplified  compared  to 
that  required  when  using  Eq.  (1) . 

For  computations  of  energy  transfer  through  multiple  shields,  it  is  often  desirable  to 
define  a  radiation  conductivity  (13)  so  that  the  energy  rate  is  given  by  the  simple  form 


«  -  -  <Kc  +  *B>  S  <12> 

where  Kc  is  the  solid  conductivity,  and  is  the  radiation  conductivity  defined  as 


ou  f  0E.  (X,  T) 

KrCT)  -  f  j  6<V  X,  T)  dX 


with  S  being  the  spacing  between  shields.  In  general,  Eq.  (13)  results  in  a  lengthy 
form  that  is  of  limited  utility  in  engineering  computations.  However,  by  use  of 
Eq.  (3)  and  the  Wien  distribution  it  is  easily  integrated  to  the  result 


SHa  T3 
.  o 


=  252b, 


jl  -  Q.< 


where  the  parameter  on  the  lefthand  side  is  the  dimensionless  radiation  conductivity. 
Equation  (14)  ia  shown  in  Figure  5  as  a  function  of  b2  and  b2  in  the  range  of  practical 
interest.  The  dimensionless  radiation  conductivity  varies  with  temperature.  The 
simple  form  is  very  convenient  for  calculations  of  low-temperature  radiation  shields. 
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3.  ROUGHENED  SURFACES 


The  effecis  of  roughness  on  a  reflecting  surface  have  been  studied  in  considerable 
detail  by  numerous  investigators.  Of  primary  concern  has  been  the  bidirectional 
reflectance.  There  are  several  reasons  for  concentration  of  effort  on  this  particular 
property  in  spite  of  its  limited  utility  in  heat-transfer  computations.  First,  con¬ 
siderable  early  efforts  hud  been  expended  on  analyses  of  the  bidirectional  reflectance 
of  radar  and  radio  waves  from  rough  terrain.  This  work  has  established  a  foundation 
which  is  easily  extended  tc  the  problem  on  the  rough  reflecting  surface  in  the  infrared 
spectrum.  Second,  the  specular  component  of  reflectance  is  considerably  altered  by 
>  roughness  and  can  be  directly  correlated  with  geometrical  properties  of  the  surface 

profile.  This  offers  advantage  to  the  experimentalist  since  large  changes  in  specular 
properties  will  be  observed.  Finally,  the  preparation  of  rough  reflecting  samples  and 
the  radiometric  techniques  required  for  their  measurement  is  straightforward. 

The  work  accomplished  on  reflectance  has  conclusively  shown  that  the  reflectance  of 
coherent  energy  from  a  randomly  rough,  perfectly  reflecting  surface  may  be  described 
by  a  function  which  accounts  for  the  coherent  and  incoherent  energy  separately.  The 
energy  in  the  coherent  beams  depends  upon  the  optical  roughness  cr^A  and  the  angle 
of  incidence  8 .  The  incoherent  energy  distribution  depends  not  only  on  crm  A  •  but 
also  on  the  parameter  a/ X  where  a  is  the  correlation  distance  and  is  determined 
from  the  rms  slope  and  roughness.  Analytical  and  experimental  efforts  are  still 
continuing  toward  further  development  of  the  bidirectional  reflectance  theories. 

for  *he  rough  emitting  surface,  the  analytical  treatment  is  considerably  more  diffi¬ 
cult  than  for  ihe  rough  reflecting  surface.  Hie  interactions  between  electromagnetic 
waves  and  matter  at  ihe  surface  boundary  are  so  complex  that  direct  analytical  con¬ 
siderations  of  emittance  are  not  mathematically  manageable.  An  indirect  approach 
through  calculation  of  the  reflectance  appears  more  feasible.  However,  such  an 
indirect  study  of  emittanoe  requires  a  complex  and  comprehensive  knowledge  of  both 
the  specular  and  diffuse  components  and  must  include  the  effects  of  finite  conductivity, 
shadowing,  multiple  reflections,  and  depolarization.  These  are  often  neglected  in 
existing  reflectance  analyses  since  their  influence  introduces  great  difficulty'  in  the 
mathematical  treatment.  In  fact,  it  is  re.iaooable  to  state  that  an  analysis  to  properly 
include  all  of  these  effects  is  not  possible  within  the  present  state  of  knowledge. 

Attempts  were  mad*  during  this  program  to  extend  the  exact  approach  of  Rice  tc 
higher  order  terms  than  were  considered  during  the  first  year's  effort  (1).  The 
result,  if  successfully  carried  out,  might  indicate  the  extent  of  the  effects  previously 
mentioned,  although  this  limited  information  would  not  be  directly  applicable  to 
t  er  ittances.  However,  the  higher  order  analysis  became  so  involved  that  its  comple¬ 

tion,  while  entirely  possible,  would  require  an  intensive  effort  that  could  not  be  sip- 
ported  within  the  scope  of  this  study. 
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At  the  present  time,  the  only  method  available  for  correlation  of  data  on  rough  emitting 
surfaces  is  a  semi-empirical  one  which  assumes  the  functional  dependence  of  emit¬ 
tance  to  be  of  the  form 


SlL.  T) 

T)]polighed 


(15) 


Attempts  to  correlate  to  these  variables  were  made  on  the  data  presented  in  Section 
VII.  However,  no  clear  indication  was  obtained  that  thece  variables  are  sufficient  for 
description  of  emittance  properties.  This  failure  could  be  an  indication  of  the  inade¬ 
quacy  or  incompleteness  of  the  groupings  at?  well  as  an  indication  that  the  profilometer 
data  on  <rm  and  a  were  not  sufficiently  accurate.  Optical  determinations  of  <rm  and 
a  from  bidirectional  reflectance  measurements  were  not  made  during  this  program 
since  instrumentation  was  not  available.  However,  such  measurements  are  planned 
and  may  provide  more  realistic  values  of  crm  and  a  for  purposes  of  further  analysis 
of  the  emittance  results. 


4.  OXIDIZED  SURFACES 

The  effect  of  oxidation  on  the  radiant  properties  of  metal  surfaces  is  of  practical 
interest  for  several  reasons.  Because  of  their  spectral  emittance  characteristics, 
the  total  emittance  of  clean  metal  surfaces  is  lowest  at  low  temperatures  and  increases 
almost  linearly  with  increasing  temperature  whereas  the  temperature  variation  of 
total  emittance  for  oxides  may  be  either  positive  or  negative  depending  upon  the  loca¬ 
tion  of  spectral  absorption  bands.  Also,  the  total  hemispherical  emittance  of  metal 
surfaces  is  generally  from  20  to  30%  higher  than  the  total  normal  emittance  whereas 
the  total  hemispherical  emittance  of  oxides  is  from  0  to  10%  lower  than  the  total 
normal  emittance.  Between  the  low  and  high  limits  of  emittance  associated  with  these 
surfaces  a  wide  variety  of  radiant  characteristics  is  obtained  depending  upon  the  thick¬ 
ness  of  the  oxide,  its  uniformity,  and  upon  the  optical  properties  of  the  oxide  and  the 
metal  substrate.  Those  oxide  coatings  whose  thickness  is  such  that  their  radiant 
properties  are  influenced  by  the  substrate  metal  are  usually  classified  as  thin  films. 
Many  of  the  oxide  films  that  form  on  metal  surfaces  under  ordinary  exposure  condi¬ 
tions  fall  into  the  thin  film  category. 

With  the  development  of  vacuum  deposition  technology,  a  considerable  amount  of 
literature  has  been  published  concerning  the  optical  properties  of  thin  films  le.g. , 

(3)  and  (19)  through  (21)] .  The  interest  has  concentrated,  however,  on  the  ultraviolet 
and  visible  reflectance  properties  of  thin  metal  films.  Very  little  attention  has  been 
given  to  the  effects  of  absorbing  oxide  films  on  the  infrared  emittance  characteristics 
of  metal  surfaces.  Of  the  work  that  has  been  done  with  oxide  films,  most  has  been  in 
connection  with  the  effects  of  thin,  weakly  absorbing,  protective  films,  such  as  silicon 
monoxide,  on  the  reflectance  properties  of  metallic  mirror  surfaces  (22). 
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Calculations  of  the  effect  of  a  weakly  absorbing  dielectric  film  on  the  spectral  normal 
reflectance  of  an  opaque  metallic  reflector  are  reported  by  Turner  in  (21).  His  re¬ 
sults  for  a  high  and  a  moderately  high  reflector  are  shown  in  Figures  6  and  7.  For 
the  case  illustrated  in  Figure  6,  the  complex  index  of  refraction  of  the  metal  reflector 
is  taken  as:  5  =  6. 1  -  i(30.4).  This  corresponds  to  the  index  for  aluminum  at 
1=4/1.  The  index  for  the  dielectric  film  is  taken  as  R  =  1.8  -  ik,  and  four  cases 
corresponding  to  absorption  coefficients  of  k  =  0,  0.05,  0. 10.  and  0.20  are  shown. 
The  index  for  the  first  case,  i.e. ,  n  =  1. 8  -  i(0)  corresponds  to  that  for  SiO  in  the 
visible  and  infrared.  The  curves  show  the  effect  of  film  absorptance  and  film  thick¬ 
ness  on  the  spectral  normal  reflectance  characteristics  for  SiO  films  on  aluminum  at 
l=4/i.  The  reflectance  is  highly  sensitive  to  slight  increases  in  film  absorptance. 
Correspondingly,  significant  increases  in  the  emittance  of  the  surface  at  this  wave¬ 
length  would  be  expected. 

Figure  7  shows  analogous  curves  for  the  same  coating  on  a  less  highly  reflecting 
metal  with  an  index  of  n  =  2.5-  i(28).  This  index  corresponds  to  that  for  inconel 
at  X  -  0. 54o  p. 

Although  naturally  occurring  oxide  films  may  significantly  affect  the  reflectance  of 
metal  surfaces  in  the  ultraviolet  and  visible  spectral  region,  such  films  may  have 
very  little  effect  on  the  infrared  enjittance.  As  an  example,  Bennett  (23)  shows  the 
calculated  effect  of  thin  (10  to  100  A)  oxide  films  on  the  spectral  normal  reflectance 
of  aluminum  at  wavelengths  from  0. 5  to  5  p.  At  wavelengths  longer  than  1. 5  p,  the 
change  in  reflectance  calculated  for  the  100  A  thick  film  is  shown  to  be  less  than  0. 1%. 

Experimental  data  showing  the  effect  of  oxidation  on  the  spectral  normal  reflectance 
of  titanium  have  been  reported  by  Edwards  in  (24).  For  films  between  500  and  700  A 
thick,  a  significant  absorption  band  was  observed  in  the  0. 5-  to  1. 0-p  region.  Beyond 
1. 5  p,  however,  the  observed  drop  in  reflectance  decreased  from  20%  to  about  5%  at 
14  p.  By  roughening  the  titanium  substrate  before  oxidation,  a  wider  but  less  deep 
absorption  band  was  obtained  which  was  attributed  to  the  formation  of  a  less  uniform 
(variable  thickness)  oxide  film. 

For  thicker  films  of  AI2O3  which  were  vacuum  deposited  over  aluminum,  Hass  (25) 
reports  spectral  reflectance  data  showing  that  significant  increases  in  the  infrared 
emittance  can  be  obtained  without  changing  the  solar  absorptance.  The  data  presented 
by  Hass  include  coating  thicknesses  of  0. 5,  1. 0,  and  1. 5  p;  the  latter  coating  showing 
a  marked  drop  in  reflectance  at  wavelengths  longer  than  9  p. 

Thus  far  only  the  effect  of  different  optical  constants  between  the  film  and  substrate 
has  been  considered.  Additional  complications  are  introduced  when  scattering  occurs 
within  the  film. 

Richmond  (26)  has  derived  equations  for  the  spectral  normal  and  hemispherical  emit¬ 
tance  of  composite  specimens  consisting  of  partially  transmitting,  light  scattering 
coatings  over  opaque  substrates.  The  equations  relate  the  emittance  of  the  surface 
to  the  coating  thickness,  the  reflectance  properties  of  the  coating  and  substrate,  and 
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Figure  6  Calculated  Reflectance  of  a  Dielectric  Film,  n  =  1.8  -  ik , 
on  an  Opaque  Metal,  n  =  6. 1  -  i(30,4).  [  From  Turner  (21)} 


Figure  7  Calculated  Reflectance  of  a  Dielectric  Film,  n  =  1.8  -  ik , 
on  an  Opaque  Metal,  n  =  2.5  —  i(2. 8).  ( From  Turner  (21)] 


the  absorption  and  scattering  coefficients  of  the  coating.  Figure  8  shows  the 
«.  ffect  of  coating  thickness  on  emittance  for  a  specimen  with  properties  which  ap¬ 
proximate  those  for  a  glossy  gray  paint  coating  over  a  polished  metal  substrate. 

The  family  of  curves  designated  by  different  values  of  fr,  show  the  effect  of  variations 
in  the  absorption  and  backscatter  coefficients  for  the  coating  ( a  =  VR(ft+2&)j .  In  a 
later  publication,  Richmond  (27)  uses  the  same  equation  to  demonstrate  that  the 
emittance  of  nonmetallic  surfaces  should  be  essentially  independent  of  surface  rough¬ 
ness.  The  analysis  is  supported  by  experimental  data  for  the  spectral  normal  emit¬ 
tance  of  alumina. 

The  references  above  are  cited  to  indicate  that  analytical  treatments  are  available  for 
a  simple,  ideal,  coating-substrate  system,  i.e. ,  a  system  for  which  the  surface  inter¬ 
faces  are  perfectly  smooth,  the  coating  thickness  is  uniform,  and  the  optical  proper¬ 
ties  of  the  coating  and  substrate  are  known.  When  these  conditions  are  met,  the 
analyses  provide  values  for  the  monochromatic  reflectance.  Edwards  (24)  presents  an 
extended  analysis  to  account  for  irregular  film  thickness  wherein  he  assumes  a  saw¬ 
tooth  surface  profile.  The  results  of  the  analysis  indicate  broadening  of  the  absorption 
bands  due  to  the  changing  thickness;  however,  these  results  may  only  be  used  to  indi¬ 
cate  probable  trends.  The  actual  geometry  of  oxide  films  is  far  more  complex  than 
the  analytical  model  and  would  require  a  detailed  statistical  analysis  for  prediction  of 
the  radiative  properties.  The  nonuniform  geometry  and  frequently  variable  composi¬ 
tion  of  most  metal  oxide  films  formed  under  natural  exposure  conditions,  in  combina¬ 
tion  with  the  almost  complete  lack  of  optical  property  data  for  oxides  in  the  infrared, 
presently  require  that  the  directional  and  total  emittance  characteristics  of  any  par¬ 
ticular  oxide  system  be  determined  experimentally.  This  report  contains  the  results 
of  such  an  experimental  evaluation  and  demonstrates  the  complex  surface  conditions 
that  are  created  by  surface  oxidation.  The  trend  of  the  results  is  in  agreement  with 
the  established  analyses  referred  to  above;  however,  direct  analytical  predictions  of 
the  measured  results  were  not  possible. 
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Figure  8.  Calculated  Emittance  Versus  Coating  Thickness  for  Composite  Specimen 
[  From  Richmond  (26)] 


Section  in 

SAMPLE  PREPARATION  AND  CHARACTERIZATION  METHODS 


1.  ROUGH  (PLATINUM)  SAMPLES 

One  of  the  important  conclusions  from  test  results  of  the  first  year  was  that  rough 
metal  surfaces  with  om  values  as  high  as  200  pin.  still  retain  directional,  non- 
Lambertian ,  emittance  characteristics .  The  observed  changes  in  directional  emit- 
tance  characteristics  for  rough-surfaced  samples  relative  to  the  directional  charac¬ 
teristics  for  smooth-surfaced  samples  were  most  dramatic ,  however ,  for  changes 
in  (Tm  between  0  and  100  /iin.  Additional  studies  of  surfaces  with  am  values  in  this 
latter  range  were  needed,  therefore,  to  obtain  a  more  complete  understanding  of  the 
effect  of  roughness  on  directional  emittance.  Platinum  was  selected  as  the  metal  for 
further  study  because  of  its  inherent  chemical  stability  at  the  high  temperatures 
required  for  the  emittance  tests  and  its  amenability  to  preparation  with  controlled 
degrees  of  surface  roughness. 

Six  2  by  8  by  0.008  in.  platinum  strips  were  obtained  with  as -received  surface 
characteristics  similar  to  those  for  the  three  samples  studied  previously.  The 
purity  of  the  strips  was  certified  to  be  99.9+  %  and  special,  highly  polished  rollers 
were  used  to  provide  a  uniform  thickness  and  a  bright,  smooth  surface. 

Faint  longitudinal  roll  marks  were  just  discernible  on  the  as-received  surfaces. 
Profilometer  traces  indicated  ms  roughness  values  of  4.3  /iin.  in  the  transverse 
direction  (perpendicular  to  the  rolling  direction),  and  less  than  0.5  /tin.  in  the  longi¬ 
tudinal  direction.  Surface  interference  micrographs  indicated  the  roll  marks  were 
spaced  between  100  and  400  /tin.  apart  and  were  between  5  and  20  /tin  deep.  X-ray 
diffraction  patterns  indicated  a  highly  preferred  orientation  of  (200)  and  (220)  crystal 
planes  for  the  rolled  platinum  surface.  These  characteristics  are  discussed  in  more 
detail  in  subsection  V. l.a,  along  with  changes  that  occurred  as  a  result  of  the  high- 
temperature  emittance-test  exposures . 

a.  Sample  Preparation 

The  glau:-  hot  blast  method  described  in  (1)  was  used  to  prepare  the  platinum  sample 
surfaces.  This  method  was  selected  because  of  its  following  desirable  features: 

(1)  high  surface  purity  is  maintained  and  contamination  by  embedded  material  is 
minimized  relative  to  such  alternate  methods  as  sand  blasting  or  grinding;  (2)  large 
surface  areas  can  be  uniformly  roughened  to  obtain  o--.  values  between  10  and  150  pin. 
with  relatively  good  control  over  the  parameters  usea  to  achieve  the  different  degrees 
of  roughness;  (3)  the  roughness  profiles  produced  by  this  technique,  are  independent 
of  direction  (i.e.,  are  isotropic) ,  and  the  distribution  of  profile  heights  is  approxi¬ 
mately  Gaussian. 


Five  of  the  platinum  strips  were  ro;  lened  using  glass  shot  with  diameters  between 
0.0005  and  0.0021  in.(  13  to  53  p).  The  shot-blast  chamber  was  specially  equipped 
with  a  filter  and  circulation  system  for  removing  used  beads  from  the  air  stream , 
an  adjustable  regulator  for  controlling  the  air  stream  pressure ,  and  a  manual  control 
for  maintaining  a  fixed  distance  between  the  sample  and  the  shot-blast  nozzle .  Each 
sample  was  roughened  or*  both  sides  to  within  1/4  in.  of  each  end.  The  samples  were 
supported  on  a  heavy  steel  block  while  they  were  blasted  to  prevent  excessive  deforma¬ 
tion  and  warpage.  For  the  treatments  used  in  this  year’s  program .  sample  deformation 
due  to  the  peening  action  of  the  shot  was  not  a  serious  problem.  After  being  roughened, 
each  sample  was  cleaned  for  10  min  in  an  ultrasonic  bath  of  trichlorethylene ,  rinsed 
in  alcohol,  dried,  then  stored  in  a  desiccated  belljar  until  ready  for  instrumentation 
and  testing. 

A  summary  of  the  shot-blast  parameters  used  to  prepare  each  sample  and  the  resulting 
rnrs  roughness  obtained  is  shown  in  Table  n.  Sample  identification  numbers  are  followed 
by  the  letter  B  to  differentiate  them  from  similarly  numbered  samples  tested  last  year. 
Sample  IB  was  tested  as  received  to  provide  comparative  data  for  the  emittance  charac¬ 
teristics  of  essentially  smooth  platinum . 


Table  H 

SURFACE  PREPARATION  PROCEDURES  FOR  PLATINUM  SAMPLES 


On  tvirtl  gx 
wftluplC 

No. 

Shot-Blast 

Pressure 

(psi) 

Shot-Blast  Distance 
(Nozzie  to  Sample) 
(in.) 

rms 

Roughness™' 

(pin.) 

00 

lB(b> 

4.3 

(0.11) 

2B 

5 

12 

15 

(0.38) 

3B 

10 

12 

28 

(0.70) 

4B 

20 

6 

49 

(1.23) 

5B 

30 

6 

39 

(0.98) 

6B 

60 

6 

127 

(3.18) 

(a)  Determined  from  initial  prefilometer  traces  for  each  sample. 

(b)  Tested  as  received.  Roughness  values  are  for  direction 
perpendicular  to  the  roll  marks. 


It  will  be  noted  later  that  no  test  data  weie  obtained  from  platinum  sample  No.  2B. 

During  a  pre-emittance  test  anneal  treatment  of  this  sample  at  1645°  K,  an  air  blister  • 

formed  in  the  center  of  the  strip  which  made  the  sample  unsuitable  for  testing.  It  will 
also  be  noted  from  Table  H that  the  initial  rms  roughness  of  sample  £B  was  less  than 
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that  of  sample  4B,  even  though  a  higher  blast  pressure  was  used  to  prepare  this 
sample.  The  rms  roughness  of  sample  5B  was  intended  to  be  on  the  order  of  70  to 
80  pin.  and  no  reason  was  discovered  for  the  lower  <7m  value  actually  obtained. 

This  discrepancy  indicates  the  need  for  further  improvements  in  the  shot-blast 
technique  in  order  to  produce  surfaces  with  specific  roughness  values. 

b.  Surface  Characterization  Methods 

Profilometric,  photomicrographic,  x-ray  diffraction,  and  spectrographic  methods 
similar  to  those  described  in  (1)  were  used  to  evaluate  the  surface  characteristics 
of  each  platinum  sample.  By  these  methods,  a  fairly  complete  description  is 
obtained  of  the  geometrical,  physical,  and  chemical  characteristics  important  to 
the  process  of  thermal  emission  from  a  metallic  surface.  Experience  gained  during 
the  study  of  the  previous  year  had  shown  that  the  surface  characteristics  of  metallic 
samples  changed  significantly  during  the  high-temperature  emittance  tests  in  a 
vacuum  environment.  Since  these  thermally  induced  changes  could  not  be  avoided, 
the  surface  characteristics  of  each  sample  were  determined  both  before  and  after  the 
emittance  tests  whenever  possible.  The  emittance-test  procedure  was  such  that  each 
sample  was  first  annealed  at  the  maximum  test  temperature  (1645°  K)  until  a  stable 
emittance  was  indicated  before  collecting  emittance  data  at  the  lower  test  tempera¬ 
tures.  A  discussion  of  the  changes  observed  between  the  initial  and  final  surface 
characteristics  of  each  sample  is  contained  in  Section  V.  A  brief  discussion  of  the 
methods  used  to  evaluate  the  surface  characteristics  of  the  samples  is  contained  in 
the  following  paragraphs . 

(1)  Profilometry 

Profilometer  traces  were  the  principal  source  of  information  about  the  geometrical 
characteristics  of  each  sample  surface .  A  complete  description  of  the  profilometer 
used  for  this  program  has  been  given  in  (1) .  Profile  traces  were  obtained  before  and 
after  each  emittance  test  to  determine  the  initial  and  final  surface  characteristics  of 
the  samples.  Each  time,  several  icngitudinal  and  transverse  traces  were  made  to 
ensure  that  the  traces  were  representative  of  the  sample  test  axe  a,  and  to  check  the 
uniformity  and  nondirectional  characteristics  of  the  surface  profile.  The  length  of 
each  sample  trace  was  0.25  in.  and  the  horizontal  scale  for  the  recorded  profile  was 
1000  pin.  per  0.5  in.  chart  division.  Vertical  scale  factors  of  5,  25,  and  100  pin. 
per  0.25  in.  chart  division  were  used  depending  on  the  roughness  of  the  sample.  At 
least  100  profile  height  measurements  were  made  to  calculate  the  surface  roughness 
parameters,  using  the  methods  described  in  (1). 

Microscopic  examinations  of  each  sample  surface  were  also  made  to  check  on  the 
accuracy  of  the  profilometer  traces.  No  evidence  of  surface  scratching  by  the  pro¬ 
filometer  stylus  was  detected  nor  did  any  of  the  profile  irregularities  appear  to  be 
incapable  of  measurement  by  the  stylus  except  possibly  for  those  on  the  as-received 
platinum  surface.  The  relatively  close  spacing  of  the  roll  marks  on  this  latter  sur¬ 
face  may  have  prevented  stylus  contact  with  the  deeper  valleys ,  thereby  causing  the 
recorded  profile  to  appear  smoother  than  the  true  surface  profile.  Evidence  of  this 


error  was  obtained  from  surface  interference  photomicrographs  of  the  sample  which 
indicated  peak-to-valley  depths  two  to  three  times  larger  than  were  indicated  by  the 
profilometer  traces.  Profile  traces  for  the  remaining  samples  are  believed  to  be 
free  of  the  errors  associated  with  the  size  and  weight  of  the  stylus;  consequently, 
the  roughness  parameter  values  calculated  from  these  traces  should  be  accurate 
descriptions  of  the  true  surface  profiles.  Repeated  determinations  from  separate 
traces  indicated  variations  in  the  calculated  values  of  om  of  less  than  ±  5%. 

(2)  Photomicrography 

As  mentioned  above,  microscopic  examinations  of  the  sample  surfaces  were  made 
to  verify  the  height  and  spacing  of  the  profile  features  indicated  by  the  profilometer 
traces.  Photomicrographs  also  provided  supplemental  information  about  the  uni¬ 
formity  and  topography  of  the  surface  finishes  and  about  the  crystallinity  of  the  sur¬ 
face  metal.  Various  micrographic  techniques  were  used  including  surface  photo¬ 
micrographs  ,  surface  interference  photomicrographs ,  and  taper  section  photomicro¬ 
graphs.  The  methods  and  apparatus  used  were  essentially  the  same  as  described  in  (1). 
Illustrations  and  results  obtained  by  these  methods  are  discussed  in  Section  V  of  the 
report. 

Surface  interference  micrographs  provided  valuable  information  about  the  irregulari¬ 
ties  on  the  as-received  and  annealed  surfaces  of  the  unroughened  platinum  sample 
(No.  IB) ,  but  meaningful  interference  patterns  were  not  obtained  for  any  of  the 
roughened  platinum  surfaces.  Similar  results  were  reported  for  this  method  in  (1) . 

The  relatively  close  spacing  of  the  randomly  distributed  surface  irregularities  on  the 
roughened  sampler  produces  a  highly  complex  pattern  of  interference  fringes  which 
cannot  be  resolved  by  our  microscope.  Some  success  in  overcoming  this  difficulty 
has  been  reported  by  other  investigators  (28,29)  using  the  Zehender  method  of  fringe 
demagnification.  However,  development  of  the  technique  required  to  utilize  this 
method  was  not  attempted  for  this  program.  For  the  interference  micrographs  shown 
later  in  Section  V,  0.487-p  monochromatic  light  was  used.  Therefore,  fringe  devia¬ 
tions  equal  to  one  fringe  separation  interval  on  the  interference  pattern  correspond 
to  surface  height  variations  of  0.24  p  (10  pin.). 

Taper-section  photomicrographs  provided  supplemental  information  about  the  charac¬ 
teristic  peak-to-valley  depths  of  the  profile  irregularities  on  the  roughened  platinum 
surfaces.  Measurements  from  the  photomicrographs  and  from  the  profilometer  traces 
for  each  surface  were  in  good  agreement;  thereby  reaffirming  the  accuracy  of  the 
profilometer  data  for  these  surfaces.  The  photomicrographs  were  not  suitable, 
however,  for  the  statistical  determination  of  ct—  values  because  of  their  limited  field 
of  view  and  the  complex  appearance  of  the  profiles  of  randomly  rough  surfaces.  The 
taper  sections  shown  in  Section  V  were  prepared  with  a  taper  angle  of  5°45'  ±  15*. 

This  angle  gives  an  additional  magnificati  n  of  10  ±0.4x  to  the  vertical  scale  of  the 
photomicrographs.  Before  preparing  the  taper-section  mounts,  each  specimen  was 
coated  with  a  3-  to  5-mil  electroplated  layer  of  nickel  to  help  preserve  the  profile 
boundary  while  the  specimen  was  sectioned  and  polished. 
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(3)  X-Ray  Diffraction  and  Spectrographic  Methods 


These  methods  were  routinely  used  to  examine  the  surfaces  of  the  as -received  and 
roughened  platinum  samples.  Although  quantitative  methods  were  net  available  for 
determining  specific  surface  properties,  the  quaiitati  *  results  obtained  provided 
useful  additional  information  about  the  physical  and  chemical  characteristics  of  the 
surfaces  before  and  after  their  preparation  and  testing. 


X-ray  diffraction  patterns  were  of  value  primarily  for  their  indication  of  .he  lattice  -| 

orientations  of  the  as-received  and  roughened  platinum  samples.  A  highly  preferred  f 

orientation  of  (200)  and  (220)  lattice  planes  was  indicated  for  the  as-received  platinum.  'f 

This  characteristic  was  not  appreciably  affected  by  the  shot-blast  treatments  used  on  j| 

samples  2B  through  5B;  however,  the  pattern  for  sample  6B  indicated  that  the  more  se-  jf 

vere  treatment  used  to  prepare  this  surface  did  cause  some  reorientation  of  the  surface  j 

lattice .  Annealing  and  grain  growth  that  occurred  during  the  high  temperature  emit-  | 

tance  test  exposures  had  no  measurable  effect  on  the  orientation  of  any  of  the  samples.  f 


Spectrographic  analyses  were  made  to  confirm  the  initial  purity  specification  for  the  I 

platinum  samples  and  to  check  for  possible  contamination  of  the  roughened  samples  J 

by  the  glass  shot.  This  method  is  extremely  sensitive  to  the  presence  of  minute  s 

quantities  of  inorganic  impurities  in  a  metal.  Therefore,  the  absence  of  the  persistent  I 

(sensitive)  lines  for  Si,  the  principal  constituent  of  the  glass  shot,  from  the  spectra  of  J 

the  roughened  platinum  samples  was  interpreted  to  confirm  that  no  significant  con¬ 
tamination  of  the  surfaces  resulted  from  the  shot-blast  treatments. 


2.  OXIDIZED  (STAINLESS  STEEL)  SAMPLES 

In  addition  to  the  study  of  roughened  platinum  surfaces ,  a  second  objective  of  this 
year's  program  was  to  determine  the  effect  of  oxidation  on  the  directional  emittance 
properties  of  a  common ,  high-temperature  alloy .  Type  304  stainless  steel  was 
selected  for  this  phase  of  the  study  because  of  its  widespread  use  as  a  high-temperature 
alloy  and  its  known  susceptibility  to  oxidation. 


Several  2  by  8  by  0.015  in.  sample  strips  were  obtained  wit„  a  type  2B  (bright, 
annealed)  surface  finish.  The  chemical  analysis  of  the  sheet  from  which  the  samples 
were  obtained  was  certified  as  follows: 


Chromium 

13.37% 

Carbon 

0. 058% 

Nickel 

8.89% 

Phosphorus 

0. 025% 

Manganese 

l.&0% 

Sulfur 

0. 007% 

Silicon 

0.50% 

Iron 

Balance 

!  condition  of  the  as-received  samples  was  smooth  (crm  «  5  j 

gray  in  appearance.  To  obtain  clean,  bright  surfaces  to  enhance  the  formation  of 
uniform  reproducible  oxide  Rims,  all  of  the  stainless  steel  sample  s  were  electro- 
polished  and  cleaned  using  the  following  procedure: 

Soak  for  5  min  in  a  Na^PoOy  solution  (60  g/liter)  at  130°F. 

Electropolish  for  20  min  in  a  H3PO4-H2SO4  solution  (Electrogleam  55 
by  MacDermid,  Inc. )  at  80°F.  Lead  cathodes,  15  A  per  strip,  no 
agitation. 


Step  1. 
Step  2. 
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•  Step  3.  Rim  e  with  distilled  water. 

•  Step  4.  Dip  in  solution  of  nitric  acid  (100  nil  per  liter)  and  sodium 

dichromate  (20  g  per  liter) . 

•  Step  5.  Rinse  and  dry. 

After  elect  "ishing,  several  of  the  sample  strips  were  roughened  by  glass-shot 
blasting  .*  blast  pressure  of  30  psi  and  a  blast  distance  of  4  in.  from  the  surface. 
To  further  «xd  in  obtaining  uniform  and  reproducible  oxidation  results,  both  the  smooth 
and  the  roughened  samples  were  then  annealed  for  10  min  at  1040°  C  in  a  dry  hydrogen 
fu’-race.  Profilometer  traces  of  the  annealed  surfaces  indicated  rms  roughness  values 
of  13  pin.  for  the  electropolished  samples  and  20  pin.  for  the  roughened  samples.  The 
initial  characteristics  of  these  unoxidized  surfaces  and  changes  due  to  their  instability 
during  the  high-temperature  emittance  test  exposures  are  discussed  in  more  detail  in 
subsection  V.2.a. 

a.  Oxidization  Procedures 


Several  methods  were  investigated  for  obtaining  oxide  films  of  suitable  thickness  and 
uniformity  for  this  study.  Initially,  samples  were  oxidized  in  air  using  an  open-end, 
muffle  tube  furnace.  The  results  obtained  were  generally  poor.  The  oxides  formed 
were  nonuniform  in  appearance  and  frequently  spalled  off  the  substrate  when  cooled. 
Reproducibility  of  results  under  duplicate  exposure  conditions  was  also  poor.  Subse¬ 
quent  tests  in  a  controlled  atmosphere  furnace ,  using  wet  hydrogen ,  gave  improved 
results  and  this  method  was  finally  selected  for  preparing  the  oxidized  samples.  The 
advantages  of  this  method  were:  ^1)  uniform  appearing  oxide  films  were  obtained; 

(2)  the  oxide  films  were  strongly  bound  to  the  substrate,  i.e.,  did  not  spall  or  flake 
off;  (3)  the  oxidation  rate  was  approximately  the  same  for  both  the  smooth  and  the 
roughened  surfaces;  (4)  the  repeatability  of  results  was  comparatively  good;  and 
(5)  the  composition  of  the  oxide  films  was  approximately  tne  same  for  all  samples 
regardless  of  thickness . 

For  the  emittance  tests ,  four  pairs  of  smooth  and  roughened  samples  were  oxidized 
in  the  wet -hydrogen  atmosphere  furnace,  and  one  pair  was  retained  for  measurements 
of  the  emittance  properties  of  the  unoxidized  surfaces.  A  summary  of  the  oxidatic  i 
exposure  conditions  and  results  obtained  is  shown  in  Table  III.  The  ..ample  identif  ica¬ 
tion  numbers  have  been  given  the  suffix  S  or  R  to  designate  a  smooth  or  rough  sr  istrate 
surface,  respectively. 

Three  1-in.  diameter  disk  samples  were  also  prepared  concurrently  with  each  sample 
test  strip  to  provide  samples  for  the  following  pre-emittance  teat  characterization 
studies  of  the  oxide  films: 

•  Spectral  normal  reflectance  at  room  temperatu?  e 

c  Electron  micrographs  of  the  initial  oxide  fi’ms 

•  Electron  diffraction  patterns  of  the  initial  oxide  film.. 
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Table  m 

OXIDATION  EXPOSURES  FOR  304  STAINLESS  STEEL  SAMPLES 


Sample 

No. 

Oxidation 
Temperature 
and  Time(a) 

Average 
Weight  Gain 
(jx  g/cm2) 

Approximate 

Film  Thickness'0' 
(P> 

Color 

of 

Oxide 

Film 

IS 

1R 

Not  oxidized 

- 

- 

-- 

2S 

2R<C> 

600QC  for  30  min 

2.1 

2.9 

0.015 

0.020 

Gold 

3S 

3R 

800°  C  for  30  min 

24.3 

23.6 

0.170 

C  165 

Purple 

4S 

4R(C> 

1000°  C  for  30  min 

135.7 

136.0 

0.95 

0.95 

Dull  gray 

5S 

SR 

1000°  C  for  q0  min 

200 

219 

1.40 

1.53 

_ 

Dark 

brownish 

gray 

Notes: 

(a)  Wet  hydrogen  atmosphere.  Hydrogen  flow  rate  of  25  cfm  through  humid!  ", r~r. 
of  the  controlled  atmosphere  furnace. 

(b)  Approximate  film  thickness  values  are  based  on  sample  weight  gain  data  and 
the  ass'imption  of  a  uniform  film  of  Feo04  with  an  average  density  of  5.2 
g/cm3. 

(c)  Sample  ;  2R  and  4R  not  tested. 

After  oxidation ,  each  sample  was  stored  in  a  desiccated  belljar  until  ready  for  instru¬ 
mentation  and  testing. 

In  the  discussion  of  results  in  Sections  V  and  Vil.  it  will  be  noted  that  because  of  surface 
instability  of  the  samples  at  test  temperatures  above  950’K  three  separate  samples  of 
the  smooth,  unoxidized  stainless  steel  were  tested  to  obtain  suitable  data  for  this  sur¬ 
face.  These  samples  were  designated  1S-1,  1S-2,  and  1S-3  to  indicate  the  chronologi¬ 
cal  order  in  which  they  were  tested.  Of  these  samples,  only  the  test  data  for  samples 
IS- 2  and  1S-3  are  presented.  Because  of  the  observed  similarity  of  results  for  the 
roughened  and  smooth  substrate  samples,  samples  2R  and  4R  were  not  tested. 
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b.  Oxide  Characterization  Methods 


Root-mean-square  roughness  values  for  the  smooth  and  roughened,  unoxidized, 
stainless  steel  surfaces  were  determined  from  profiiometer  traces  by  the  same  pro¬ 
cedures  as  described  in  subsection  HI.  l.b.  To  investigate  the  thickness,  composition, 
and  morphology  of  the  oxide  films .  considerable  emphasis  was  placed  on  the  use  of 
electron  micrographic  and  diffraction  techniques .  Except  for  the  most  heavily  oxidized 
samples,  the  oxide  films  were  too  thin  to  be  effectively  studied  by  ordinary  photomicro- 
graphic  and  x-ray  diffraction  methods.  In  the  remainder  of  this  section,  the  various 
methods  used  to  examine  the  oxide  film  characteristics  are  described. 

(1)  Film  Thickness  Measurement  Methods 

Methods  investigated  for  obtaining  direct  measurements  of  oxide  film  thickness 
included  photomicrographic  and  electron  micrographic  techniques  and  the  use  of  an 
electronic  film  thickness  measurement  gage  (the  Dermitron) .  Indirect  estimates  of 
average  film  thickness  were  also  made  from  weight -gain  data  obtained  by  weighing 
each  sample  before  and  after  its  oxidation  exposure,  and  from  the  colors  of  the  oxide 
films.  In  general,  none  of  the  direct  measurement  methods  provided  reliable  film 
thickness  data.  The  primary  reason  for  the  failure  of  these  methods  was  the  nonuni¬ 
formity  of  the  oxide  film  thickness.  Secondarily,  the  time  and  expense  required  to 
develop  and  refine  the  methods  were  beyond  the  scope  of  this  program .  Consequently , 
most  of  the  thickness  values  cited  in  this  report  are  estimates  based  on  the  weight-gain 
data  for  each  sample . 

Attempts  to  correlate  the  Dermitron  gage  readings  with  film  thickness  were  totally 
unsuccessful  and  this  method  was  abandoned  early  in  the  study .  Some  sue .  >ss  was 
obtained  in  measuring  the  thickness  of  the  more  heavily  oxidized  samples  (4S  and  5S) 
from  high-magnification  photomicrographs  of  carefully  prepared  and  polished  cross- 
section  mounts  of  these  samples.  (See  subsection  V.2.a.)  However ,  the  thinner 
oxide  films  were  not  detectable  by  this  method. 

Two  different  electron  micrographic  techniques  were  investigated  for  determining  the 
thickness  of  thin  films.  The  first  involved  replication  of  the  metallurgical  polished 
cross-section  mounts  used  for  the  photomicrographic  studies.  Because  of  difference 
in  the  polishing  characteristics  of  the  mount  material  (bakelite) ,  the  oxide  film,  and 
the  substrate  metal,  some  relief  existed  at  the  oxi  film  boundaries  which  could  be 
observed  on  the  replica.  The  replicas  obtained  in  this  manner,  however,  were  fre¬ 
quently  marred  by  extraneous  artifacts,  e.g.,  cracks  in  the  mount  which  caused  tears 
in  the  replica  and  flakes  of  oxide  which  stripped  off  with  the  replica,  which  prevented 
the  acquisition  of  clearly  defined  film  boundarit  s.  The  reliability  of  film-thickness 
values  obtained  by  this  method  was  also  impaired  by  the  nonuniform  nature  of  the 
films  in  combination  with  the  small  field  of  view  covered  by  the  electron  micrographs. 
Typical  electron  micrographs  obtained  by  this  method  are  shown  in  subsection  V.2.a. 

It  will  be  noted  that  the  film  thickness  values  indicated  by  the  electron  micrographs 
of  samples  43  and  SS  are  about  2  times  larger  than  the  thickness  values  indicated  by 
the  photomicrographs  and  inferred  from  the  sample  weight-gain  data  for  -hsse  samples. 
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The  second  electron  microscope  technique  investigated  involved  stripping  the  oxide 
film  from  the  substrate,  then  obtaining  a  shadowgraph  of  the  free  film  in  cross  section. 
Most  of  tiie  films  were  easily  stripped  from  their  stainless  steel  substrates  by  immers¬ 
ing  the  sample  in  a  solution  of  bromine  and  methanol  for  a  few  minutes.  The  method 
is  essentially  the  same  as  reported  by  Mahla  and  Nielsen  (30) .  The  free  film  was  then 
cast  into  a  mold  of  epoxy  resin  and,  after  the  mold  had  cured,  a  thin  cross-section 
slice  of  the  film  and  mold  was  obtained  with  a  microtome.  This  specimen  was  then 
mounted  in  the  microscope  and  a  transmission  micrograph  taken.  The  micrograph 
shows  a  dark  silhouette  of  the  film  in  cross  section ,  as  a  result  of  its  high  absorption 
relative  to  the  surrounding  epoxy .  Typical  shadowgraphs  obtained  in  this  manner  are 
shown  in  subsection  V.2.a.  Film  boundaries  were  not  well  defined  in  the  shadowgraphs 
obtained  in  this  program  and  the  irregular  thickness  of  the  films  made  interpretation 
still  more  difficult. 

Best  estimates  of  average  thickness  for  the  initial  oxide  films  are  believed  to  be  those 
based  on  the  weight-gain  data  obtained  when  the  samples  were  oxidized.  Each  sample 
was  weighed  on  a  laboratory  balance  before  and  after  its  oxidation  exposure.  The 
balance  sensitivity  was  10  p grams,  and  since  the  total  surface  area  of  the  samples 
was  large  (about  200  cm2) .  weight  changes  on  the  order  of  0.05  pg/cm2  could  be 
detected.  To  convert  oxidant  weights  to  equivalent  oxide  film  thickness,  it  is  necessary 
to  assume  a  uniform  film  thickness  of  known  composition  and  density.  Based  on  the  re¬ 
sults  of  the  oxide  composition  determinations  described  below,  the  oxide  films  on  these 
samples  were  assumed  to  be  Fe3C>4  with  a  density  of  5. 2  g/cm3,  and  a  factor  of  70  was 
calculated  for  the  conversion  of  weight  gain  per  unit  area  to  thickness  in  angstroms. 

Rough  estimates  of  film  thiclmess  can  also  be  inferred  from  the  color  of  the  film; 
however,  this  method  is  subject  to  considerable  error  depending  upon  the  width  of 
the  interference  bands  and  the  characteristic  colors  of  the  metsl  and  the  oxide.  A 
summary  of  color  versus  film  thickness  data  for  several  metals  and  oxides  is  pre¬ 
sented  in  (31)  along  with  an  explanation  of  the  origin  of  colors  for  thin  (interference 
type)  films.  The  lack  of  agreement  between  investigators  shows  that  color  by  itself 
does  not  provide  an  accurate  measure  of  thickness.  Color  versus  thickness  data  for 
oxide  films  on  type  304  stainless  steel ,  reported  in  (32),  indicates  that  interference 
colors  are  produced  by  films  with  thicknesses  ranging  from  100  to  2500  A.  For 
thicker  films,  the  characteristic  color  of  the  oxide  predominates. 

(2)  Oxide  Composition  Determinations 

The  chemical  composition  of  the  oxide  films  was  determined  exclusively  from  electron 
diffraction  patterns.  Transmission  patterns  of  the  thin  oxide  films  were  obtained  by 
stripping  the  films  from  the  metal,  as  described  earlier:  and  reflection  patterns  were 
obtained  for  the  thicker  oxide  films.  The  effective  wavelength  for  the  patterns  was 
calibrated  using  a  gold  foil  standard.  Interplanar  "d"  spacings  for  the  oxide  patterns 
were  then  determined  and  compared  with  those  obtained  by  other  investigators  using 
x-ray  diffraction  methods  (33) .  Typical  diffraction  patterns  for  the  oxide  films  in 
this  study  are  shown  m  subsection  V.2.a. 
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In  addition  to  providing  information  about  the  composition  of  oxide  films,  electron 
diffraction  patterns  may  also  serve  to  indicate  the  average  grain  size  of  the  oxide 
crystallites.  In  general,  sharp,  uniform  diffraction  rings  are  obtained  from  fine¬ 
grained  oxide  films,  and  spotty,  nonuniform  rings  indicate  large-grained  structures 
with  preferred  lattice  orientations.  Broad,  diffuse  rings  generally  indicate  an 
amorphous  structui'e. 

(3)  Surface  Morphology 

Variations  in  the  surface  morphology  of  the  oxide  films  resulting  from  the  different 
oxidation  exposures  were  examined  using  both  photomicrographic  and  electron  micro¬ 
graphic  methods.  Examinations  before  and  after  the  emittance  tests  also  served  to 
indicate  the  changes  in  surface  morphology  resulting  from  the  high-temperature 
exposures  in  vacuum.  Typical  before  and  after  micrographs  for  each  sample  are 
shown  in  subsection  V.2.a.  The  electron  micrographs  were  obtained  using  a  double 
replication  technique. 
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Section  IV 

EXPERIMENTAL  APPARATUS  AND  PROCEDURES 


i.  APPARATUS 

The  experimental  apparatus  used  to  measure  the  emittance  characteristics  of  the 
platinum  and  stainless  steel  samples  is  shown  in  Figures  9  and  10.  The  apparatus  con¬ 
sists  o:  a  water-cooled,  evacuated  test  chamber  which  surrounds  an  electrically  heated 
sample.  The  sample  may  be  rotated  in  azimuth  while  it  is  viewed  by  an  external  optical 
transfer  system.  The  optical  system  focuses  an  image  of  the  center  portion  of  the 
sample  either  on  a  total  radiation  detector  or  on  the  entrance  slits  of  a  monochromator 
for  spectral  measurements.  Provision  is  made  to  also  view  a  reference  blackbody 
source  through  the  same  optics  'or  absolute  emittance  determinations. 

Although  a  description  of  the  apparatus  is  contained  in  (1),  several  modifications  were 
made  to  improve  the  vacuum  stability  of  the  test  chamber  and  the  measurement  accuracy 
of  the  sample  azimuth  angle  before  starting  the  experimental  phase  of  this  year’s  study. 
Additional  instrumentation  was  acquired  to  permit  calorimetric  determinations  of  total 
hemispherical  emittance,  and  the  optical  transfer  system  was  modified  to  improve  the 
total  radiation  measurements. 

a.  Vacuum  Test  Chamber 

The  vacuum  chamber  consists  of  a  water-cooled  stainless  steel  bell  jar  which  is  12  in. 
in  diameter  and  14  in.  high.  The  cylindrical  chamber  rests  on  a  1-in.  -thich  stainless 
steel  base  plate.  Conduction  from  the  chamber  walls  to  the  cooling  coils  was  aided  by 
the  application  of  Thermon,  a  high-conductance  cement,  over  the  external  surface  of 
the  chamber  and  cooling  coils.  The  inner  surface  of  the  bell  jar  was  coated  with  a  low- 
reflectance,  flat  black  paint,  to  minimize  internal  reflections.  A  potassium  bromide 
window  in  the  chamber  view'  port  transmitted  emitted  energy  from  the  sample  to  the 
external  optics  and  the  radiation  detectors.  A  sample  view  port  with  a  quartz  window 
was  also  provided  for  visual  observation  of  the  sample  and  optical  pyrometer  tempera¬ 
ture  measurements.  Removable  vacuum  feed-throughs  were  mounted  in  the  base  plate 
for  access  to  the  sample  instrumentation  wires. 

The  chamber  vacuum  s’  stem  wras  modified  by  replacing  the  original  2-in.  oil  diffusion 
pump  with  a  high-speed,  4-in.  pump  and  manifold  connected  to  the  base  plate.  This 
change,  in  conjunction  with  the  elimination  of  the  large  O-ring  seal  for  the  rotating 
sample  mount,  improved  the  test  chamber  vacuum  by  more  than  an  order  of  magnitude. 
Pressures  on  the  order  of  10~6  to  10“5  Torr  wrere  maintained  inside  the  chamber  even 
during  the  highest  sample-temperature  tests.  A  large  liquid  nitrogen  cold  trap  and  a 
water-cooled  baffle  were  located  between  the  diffusion  pump  and  the  test  chamber  to 


01 


SAMPLE 

VACUUM  CHAMBER 
KBr  WINDOW 
PYROMETER  PORT 
BIACKBODY 
SELECTOR  MIRROR 
CHOPPER 

18-IN.  FOCAL  LENGTH  SPHERICAL  MIRKOR 

PLANE  MIRROR 

POLARIZER 

ADJUSTABLE  SLIT 

JMAGE  PLANE 

VAC.  THERMOCOUPLE  -  TOTAL  DETECTOR 
PLANE  MIRROR 

31-IN.  FOCAL  LENGTH  SPHERICAL  MIRROR 
INLET  SLITS 

MODEL  98  MONOCHROMATOR 
VAC.  THERMOCOUPLE  DETECTOR 


Figure  10  Schematic  Layout  of  Directional  Emittance  Apparatus 
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minimize  back-streamiig  of  oil  into  the  chamber.  A  zeolite  trap  was  also  located  in 
the  vacuum  roughing  line  between  the  5  cfm  fore  -pump  and  the  chamber  to  remove  oil 
vapors  from  thit>  oource.  Chamber  pressures  were  measured  with  a  nude-type  ioniza¬ 
tion  gauge  located  in  the  base  plate  but  shielded  from  the  sample  by  a  water-cooled 
plate. 

b.  Rotating  Sample  Mount  and  Angle  Indication  System 

A  considerable  modification  was  made  to  the  rotating  sample  mount  to  eliminate  the 
large  O-ring  seal  and  flange  arrangement  used  last  year.  The  modified  sample  mount 
is  shown  in  Figure  11.  The  sample  is  tightly  clamped  between  two  water-cooled  copper 
electrodes.  Both  electrodes  pass  through  a  1-3/4  in.  diameter  insulated  rotatable 
vacuum  seal  located  in  the  bottom  of  the  vacuum  manifold,  6  in.  below  the  base  plate. 

The  electrodes  are  rigidly  supported  at  the  base  plate  level  by  an  insulated  steel  yoke 
which  turns  on  a  4-in.  diameter  ball  bearing  and  race  press-fitted  into  the  base  plate. 
The  sample  can  be  rotated  about  its  longitudinal  center -line  axis  to  95  deg  on  either 
side  of  the  normal  viewing  angle,  /ariable  tension  can  be  applied  to  the  sample  by 
means  of  a  bellows  and  spring-tension  system  in  series  with  the  lower  electrode. 

A  new  angle-indication  system  was  also  built  to  replace  the  previously  used  pointer  and 
scale  system.  The  new  system  consists  of  a  3-tura,  precision  potentiometer  which  is 
mechanically  linked  to  the  sample  rotation  shaft  so  that  the  resistance  of  the  potenti¬ 
ometer  varies  linearly  with  the  angular  position  of  the  sample.  A  small,  constant 
current  is  passed  through  the  potentiometer  and  the  angular  position  of  the  sample  is 
indicated  by  the  voltage  drop  between  the  wiper  arm  and  one  end  of  the  potentiometer. 
Voltages  were  read  out  on  a  four-place  digital  voltmeter. 

In  operation,  the  potentio*.  eter  current  was  adjusted  through  a  variable  resistor  to 
2.61  mA  to  obtain  a  signal  of  3  0  mV  per  degree  of  sample  rotation.  This  gave  a  read¬ 
out  sensitivity  of  0.1  deg.  The  accuracy  and  repeatability  of  the  system  was  calibrated 
using  an  eight-sided  gage  block  to  which  mirrors  were  attached  and  whose  angles 
between  adjacent  sides  were  known  to  within  0. 1  deg.  The  calibration  data  indicated 
that  the  system  was  accurate  and  repeatable  to  within  0. 2  deg  over  the  entire  angular 
range. 

Electrical  power  to  heat  the  sample  was  supplied  by  a  variae-controlled,  10  kVA, 
stepdown  transformer  with  a  maximum  current  output  of  1000  A  at  10  V,  or  500  A 
at  20  V.  The  current  was  measured  with  a  1000  A,  100  mV  current  shunt  in  series 
with  the  sample  circuit.  Voltage  drops  across  the  shunt  were  read  to  four-place  pre¬ 
cision  with  a  Fluke  Model  803B  differential  ac-dc  voltmeter.  The  maximm  power 
requirement  for  this  study  was  420  A  at  8  V  for  heating  the  platinum  samples  to  1640°K. 

c.  Optical  and  Radiation  Measurement  System 

Radiant  energy  from  the  sample  was  collected  and  focused  on  either  the  total  or  the 
spectral  energy  detectors  by  the  optical  system  shown  in  Figure  10.  All  of  the  reflecting 
surfaces  were  front  surface  aluminized  mirrors.  The  sample  energy  entered  the  optical 
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system  through  a  1-1/2 -in.  diameter  KBr  window  in  the  chamber  wall.  (3]*  The  window 
was  tiltod  at  an  angle  of  5  deg  to  the  optical  axis  of  the  system  to  prevent  interreflections 
between  the  sample  and  window  surfaces  at  normal  incidence.  Radiant  energy  from 
the  reference  blackbody  scarce  [5]  could  be  directed  into  the  same  optical  path  as  the 
sample  energy  by  means  of  a  45 -deg  mirror  (6]  located  in  front  of  the  KBr  window. 

The  energy  from  either  source  was  chopped  at  13  cps  by  a  Perkin-E’  ner  chopper  [  7) 
and  collected  by  an  18-in.  focal  length  spherical  mirror  ( 8]  which  v.  as  maskf  d  to  limit 
the  collecting  half  angle  to  1. 5  circular  deg  (2. 1  x  10-3  sr). 

Energy  collected  by  the  spherical  mirror  [  8]  was  directed  to  the  plane  mirror  {9)  and 
then  to  the  variable  aperture  slit  [  11] .  At  this  position  a  real  image  of  the  sample  was 
formed  at  a  magnification  of  1. 6  x  and  the  slit  adjusted  so  that  it  was  completely  filled 
for  viewing  angles  up  to  88  deg  from  the  normal.  This  condition  was  obtained  for  a 
slit-width  setting  of  0.035  in.  After  passing  through  the  adjustable  slit,  the  energy 
was  either  focused  on  the  total  radiation  detector  [  13]  or  was  directed  to  fill  the 
entrance  slits  of  a  Model  13U  Perkin  Elmer  monochrometer  { 16] .  A  real  image  of  the 
adjustable  aperture  slit  was  formed  at  [  16]  at  a  reduced  magnification  of  0.  75  x.  The 
monochrometer  was  equipped  with  a  NaCI  prism  and  a  vacuum  thermocouple  detector. 
(18]  Both  the  total  and  the  spectral  detector  outputs  were  amplified  and  recorded  by 
the  Perkin -Elmer  Model  107  amplifier. 

With  the  exception  of  the  KBr  window  and  the  blackbody  selector  mirror,  the  optical 
paths  from  the  sample  and  the  blackbody  to  the  detectors  were  identical;  consequently, 
the  results  were  independent  of  the  reflectance  of  the  mirrors  [8] ,  [9] ,  ( 14] ,  and  [  15] . 
However,  absolute  emittanoe  determinations  required  absolute  values  for  the  trans¬ 
mittance  of  the  KBr  window  and  the  reflectance  of  the  blackbody  mirror.  The  spectral 
transmittance  and  reflect?  ce  characteristics  of  these  components  were  measured 
periodically  throughout  the  experimental  phase  of  the  study  to  assure  their  stability. 

The  optical  system  from  the  KBr  window  to  the  entrance  slits  of  the  monochrometer 
was  enclosed  within  a  black  enclosure  to  eliminate  pickup  of  stray  radiation. 

The  reference  blackbody  was  an  Infra-Red  Industries  Model  406  equipped  with  a 
Model  101  temperature  controller.  This  source  is  designed  to  operate  at  temperatures 
between  100*  and  1000°C  with  a  temperature  staKlity  of  il°C.  The  cavity  temperature 
was  read  with  a  platinum/plati; :um -1 0%  rhodium  thermocouple  embedded  in  the  cavity 
wall.  The  blackbody  was  used  as  a  reference  source  for  absolute  total  and  spectral 
normal  emittance  determinations  and  as  a  calibration  source  for  checking  the  response 
of  the  total  and  spectral  energy  detectors. 

An  infrared  polarizer  v/as  used  to  determine  the  directional  emiitance  characteristics 
of  the  parallel  and  the  perpendicular  components  of  polarized  spectral  energy  emitted 
by  the  samples.  The  polarizer  consists  of  ton  0. 010-in,  -thick  silver  enloride  plates 
mounted  in  a  rotatable  housing  and  inclined  at  a  polarizing  angle  of  75  deg  to  the  optical 
axis.  The  characteristics  of  this  polarizer  have  been  described  by  Newman  and 
Halford  in  (34).  The  spectral  transmission  characteristics  of  the  polarizer  used  in 
this  study  are  shown  in  Figure  12. 


♦Numbers  in  brackets  in  this  section  refer  to  the  optical  syst--  components  shown  in 
Figure  10. 
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Figure  12  Polarizer  Transmission  Characteristics 
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2.  EXPERIMENTAL  PROCEDURES 

With  the  exception  of  the  calorimetric  determinations  of  total  hemispherical  emittance, 
the  emittance-meesorement  procedures  used  this  year  were  the  same  as  described  in 
(1).  Consequently,  only  the  working  equations  used  for  the  em<*iance  calculations  are 
summarized  below. 

a.  Absolute  Spectral  Normal  Emittance 

For  the  arrangement  shown  in  Figure  10  the  spectral  normal  emittance  is  given  by 


e8(0  A,T) 

w 


*«  w 


Eb(A,  T)  -  Ea(X,  T) 


Vb  [E^{A,  T)  -  Ea(A,  T) 


(16) 


where  cb(0n  ,  A ,  T)  is  the  absolute  spectral  normal  emittance  of  the  sample  at  wave¬ 
length  A  ;  ^  is  the  spectral  reflectance  of  the  blackbody  selector  mirror  [6]  at 
wavelength  A;  rw  is  the  spectral  transmittance  of  the  KBr  window  [3]  at  wavelength 
A  ;  V8(0jj)  is  the  detector  signal  when  viewing  the  sample;  Vb  is  the  detector  signal 
when  viewing  the  reference  blackbody;  Eb(A ,  T)  is  the  spectral  emissive  power  of 
the  reference  blackbody;  ES(A ,  T)  is  the  spectral  emissive  power  of  a  blackbody  at 
the  temperature  of  the  sample;  and  Ea(A ,  T)  is  the  spectral  emissive  power  of  a 
blackbody  at  ambient  temperature. 

When  the  blackbody  and  sample  temperatures  are  the  same,  Eq.  (16)  reduces  to 

Pm  w 

es(«N .  X ,  T)  =  -f  -yfl-  (For  Ts  -  Tb)  (17) 

w  b 

In  most  cases,  tin  sample  and  blackbody  temperatures  were  not  the  same  and  Eq.  (16) 
was  evaluated  using  measured  temperatures.  Values  for  E^(A ,  T)  ,  E^(A ,  T) ,  and 
Ea(A ,  T)  were  calculated  with  the  aid  of  tables  listed  in  (35).  Values  of  Ea(A ,  T) 
were  negligibly  small  except  at  wavelengths  greater  than  6/z. 

The  spectral  normal  emittance  of  the  platinum  samples  at  A  =  0.65 p  was  also  deter¬ 
mined  from  optical  pyrometer  readings  by  use  of  the  pyrometer  relation 


c2A 

^  es^N ’  ~  _  T  ~  ~n  Tw  (18) 

S  B 

Here  C2A  =  22, 135®K ;  Tg  is  &e  true  temperature  of  the  sample:  Tg  is  ti  ?  bright¬ 
ness  temperature  of  the  sample;  and  tw  is  the  spectral  transmittance  of  the  quartz 
viewing  window  at  A  =  0. 65p.  Tg  values  were  taken  to  be  the  temperatures  indicated 
by  the  sample  thermocouples.  Tg  values  were  the  sample  temperature  readings 
obtained  with  a  Micro  Optical  Pyrometer. 
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b.  Relative  Spectral  Directional  Emittar.ee 

As  previously  discussed  in  (1),  the  vertical  refracting  and  reflecting  surfaces  in  prism 
spectrometers  introduce  considerable  polarization  in  the  horizontal  plane.  Simon  (36) 
found  the  degree  of  polarization  for  a  Perkin-Elmer  Model  12-B  spectrometer  to  be 
about  30%.  Because  of  the  highly  polarized  nature  of  the  radiation  emitted  by  metal 
surfaces  at  off -normal  direction  angles,  careful  measurement  procedures  must  be 
employed  to  eliminate  the  effects  of  apparatus  polarization.  The  relative  directional 
emittance  cannot  be  measured  directly  without  knowledge  of  the  absolute  polarization 
characteristics  of  the  measuring  apparatus . 

To  avoid  this  difficulty,  measurements  of  the  relative  spectral  directional  emittance 
of  each  polarized  component  of  the  sample  radiation  were  made,  i.e., 

*x<0.  A,  T)/ex(0N,A,T) 


and 


C  (0  ,  A ,  T)/e(|  (0N,A.T) 

Emitted  energy  at  the  normal  viewing  angle,  0  -  0N  =  0  deg  is  by  symmetry  circularly 
polarized;  therefore,  absolute  values  of  emittance  were  determined  only  at  that  angle. 

Relative  spectral  directional  emittance  for  each  of  the  polarized  components  were 
then  determined  from: 


e  (0.A,T)  V  (0) 

S<VT7f)  =  v^y  <“> 

where  Vs(0)  is  the  recorded  detector  signal  obtained  when  viewing  the  sample  at 
angle  0  and  Vs(0j^)  is  the  recorded  detector  signal  obtained  when  viewing  the  sample 
at  the  normal  viewing  angle.  Care  was  employed  to  maintain  a  constant  sample  tem¬ 
perature  during  the  angular  measurements  since  Vs(0)  and  Vs(0n)  are  measured 
separately  and  small  temperature  variations  could  cause  significant  errors  in  their 
ratio.  All  of  the  relative  spectral  directional  emittance  data  presented  in  Section  VH 
have  been  normalized  to  a  value  of  0 . 5  at  0  =  since 

<eN  * ,  T)  =  ex/0N  .  A ,  T)  =  0.5  eg(0N .  A ,  T)  (20) 

To  obtain  absolute  values  for  the  spectral  directional  emittance  from  these  data,  the 
normalized  values  for  each  polarized  component  must  be  added  and  then  multiplied  by 
the  absolute  spectral  normal  emittance  value  obtained  at  that  temperature. 


Si 
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c.  Absolute  Total  Normal  Emittance 

Absolute  total  norma1,  emittance  measurements  are  made  by  placing  the  total  detector 
at  position  (13]  in  Figure  19.  For  this  arrangement,  the  absolute  total  normal 
emittance  is  given  by 


T).faW 

es<VT>-rw  V 


Eb(T)  -  Ea(T) 


Es(T)  -  Ea(T)j 


(21) 


where  €s(9m,  T)  is  the  absolute  total  normal  emittance  of  the  sample  at  temperature 
T:  pm  is  the  reflectance  of  the  biackbody  selector  mirror  (6] ;  is  the  transmittance 
of  the  KBr  window  (3] ;  Vs(0$)  and  Vfc  are  the  recorded  signals  for  the  sample  and 
the  biackbody,  respectively;  Eb(T)  is  the  total  emissive  power  of  the  reference  black - 
body;  ES(T)  is  the  total  emissive  power  of  a  biackbody  at  the  temperature  of  the 
sample;  and  Ea(T)  is  the  total  emissive  power  of  a  biackbody  at  the  ambient  tempera¬ 
ture  of  the  surrounds.  When  the  biackbody  and  the  sample  temperatures  are  the  same, 
Eq.  (21)  reduces  to: 


pm  W 

e°(VT>  =  x"vT 


(For  Ts  =  Tb) 


(22) 


In  most  cases,  the  sample  and  biackbody  temperatures  were  not  the  same  and  data 
were  reduced  by  means  of  Eq.  (21). 

d.  Relative  Total  Directional  Emittance 

Polarization  of  the  total  emitted  energy  is  net  a  source  of  difficulty  in  these  measure¬ 
ments  since  the  collecting  and  detecting  system  does  not  influence  the  state  of  polariza¬ 
tion.  Polarized  components  were  not  determined  for  the  total  directional  emittance 
measurements  because  of  the  nongray  transmission  characteristics  of  the  polarizers. 
(See  Figure  1“  4  The  total  energy  emitted  in  each  component  is  best  obtained  by 
integration  of  the  spectral  results . 

The  relative  total  directional  emittance  was  determined  from: 


« 


es(0,T)  V8(fl) 

=  W 

where  Vs(0)  and  Vg(Gjj)  are  the  detector  signals  obtained  at  sample  viewing  angles 
of  0  and  % ,  respectively.  All  of  the  relative  total  directional  data  presented  in 
Section  VII  has  been  normalized  to  a  value  of  1  at  0  =  fljj  •  To  obtain  values  for  the 
absolute  total  directional  emittance,  the  normalized  ratios  must  be  multiplied  by  the 
absolute  total  normal  emittance  value  at  that  temperature. 


(23) 
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e.  Spectral  Hemispherical  Emittance 


E 

I 


As  show'll  in  (1),  ratios  of  the  spectral  hemispherical  emittance  to  the  spectral  normal 
emittance  are  obtained  by  integration  of  the  directional  results.  Integration  yields: 


e(0N ,  A  .  T) 


ir/2  1 

2  |  f (0)  sin  0  cos  6  dfl  =  2  J  f(0)  cos  0  d  (cos  0) 


(24) 


where  f(0 )  =  e(0  ,  A ,  T)/e(0jj ,  A ,  T),  i.  e.,  f(0)  is  the  sum  of  the  normalized  relative 
spectral  directional  emittance  values  for  the  parallel  and  perpendicular  polarized 
components.  This  form  was  used  for  numerical  integration  of  the  data  to  obtain  the 
hemispherical  results  presented  in  Section  V.  By  letting  1(0)  represent  the  normalized 
relative  total  directional  emittance  values,  defined  in  subsection  IV. 2. d,  Eq.  (24) 
gives  the  total  hemispherical- to-total  normal  emittance  ratio,  e(T)/t(0jj ,  T) .  These 
ratios  are  also  presented  in  Section  V. 

f.  Total  Hemispherical  Emittance 

With  the  acquisition  of  an  ac  voltmeter  for  accurate  measurement  of  the  voltage  drops 
across  the  current  shunt  and  across  die  center  uniform  temperature  region  of  the 
sample  strips,  calorimetric  determinations  of  total  hemispherical  emittance  were 
added  to  this  year's  experimental  program.  The  method  for  determining  e(T)  is 
analogous  to  the  methods  described  by  Richmond  and  Harrison  in  (37)  and  by  Abbott 
et  al.  in  (38).  The  total  hemispherical  emittance  for  the  center  region  is  given  by 


e(T) 


VI  - 
T 


A  <r 


(t  -  T  ) 
o\  s  a/ 


(25) 


|  where  V  is  the  voltage  drop  across  the  center  of  the  sample;  T  is  the  current  flow: 

I  Pl  is  a  power  loss  term  to  account  for  thermal  conduction  losses  at  each  end  of  the 

I  center  portion  of  the  sample;  A  is  the  surface  area;  cr0  is  the  Stefan-Boltzmann 

constant;  Ts  is  the  absolute  temperature  of  the  sample;  and  Ta  is  the  absolute  tem¬ 
perature  of  the  surrounding  chamber  walls .  V  was  measured  between  the  platinum 
|  legs  of  the  two  thermocouples  located  on  either  side  of  the  center  line  of  the  sample. 

|  was  determined  from  estimates  of  the  temperature  gradient  at  the  location  of  the 

|  *  two  thermocouples,  from  published  data  for  the  thermal  conductivity  of  platinum  and 

|  stainless  steel,  and  from  measurements  of  the  cross  sectional  arei  of  the  sample. 

I  Estimates  of  the  temperature  gradients  were  obtained  from  inspection  of  graphical 

I  plots  of  the  temperatures  at  the  five  different  locations  along  the  length  of  the  sample 

I  strip.  Except  at  the  lowest  test  temperatures ,  both  the  and  Tf  terms  were 

|  negligibly  small.  The  surface  area,  A  ,  was  corrected  for  thermal  expansion  of 

I  the  sample  at  each  test  temperature  using  published  values  for  the  expansion 

I  coefficients  of  platinum  and  stainless  steel. 


3.  TEST  PROCEDURE 

a.  Sample  Instrumentation 

Each  sample  was  instrumented  with  five  Pt/  Pt-13%  Rh  thermocouples  spot  welded  to 
die  back  surface  of  the  test  strip.  Forty -gage  thermocouple  wire  was  used  to  minimize 
thermal  conduction  losses  from  the  sample  through  the  wires.  The  junctions  were 
located  approximately  1/2-in.  from  one  edge  of  the  strip  and  at  vertical  positions  ±1, 

±2,  and  ±3  cm  from  the  center  line  of  the  strip.  Care  was  taken  to  attach  both  wires 
of  each  junction  at  the  same  vertical  location  to  avoid  pickup  of  the  ac  voltage  gradient 
along  the  strip.  Between  the  junctions  and  the  vacuum  feed-through  header,  each  wire 
was  insulated  with  liber-glass  sleeving  to  prevent  short  circuits.  (See  Figure  11, ) 

After  passing  through  the  vacuum  feed-through,  the  leads  were  individually  terminated 
In  a  reference-junction  ice  bath.  Sample  temperatures  were  determined  from  measure¬ 
ments  of  the  thermocouple  emfs  with  a  Leeds  and  North rup  portable  potentiometer. 

b.  Sample  Test  Procedures 

Each  sample  was  clamped  into  the  rotating  sample  mount,  the  thermocouple  wires 
attached  to  the  vacuum  feed-through  leads,  and  the  test  chamber  was  evacuated  to  a 
pressure  of  10-®  Torr.  Each  of  the  roughened  platinum  samples  was  then  annealed 
at  1645*K  (the  highest  test  temperature)  until  a  stable  emittance  was  indicated  by  the 
sample  heating  power  and  temperature  data.  Except  for  platinum  sample  6:3,  no  sig¬ 
nificant  change  in  emittance  was  observed  over  a  20 -min  anneal  period.  Sample  OB 
was  annealed  for  1  hr  as  the  emittance  of  this  sample  appeared  to  decrease  slightly 
during  the  first  1/2  hr.  The  smooth  platinum  sample  (IB)  was  annealed  for  6  hr  at  a 
lower  temperature  (1365°K)  to  minimize  recrystallization  of  the  sample  before  the 
first  set  of  emittance  data  was  obtained.  No  pre-test  anneal  was  given  to  the  stainless 
steel  samples  because  of  their  nonstable  surface  characteristics  at  temperatures 
above  950®K. 

Emittance  tests  of  the  platinum  samples  were  made  at  five  temperatures :  nominally 
865® ,  1090°,  1225°,  1365®,  and  1645®K  (1100®,  1500®,  1750®,  2000°,  and  2500*  F). 

Complete  sets  of  emittance  data  were  taken  at  each  temperature  except  1225°K  as 
permitted  by  the  available  sample  energy.  The  1225"K  relative  directional  emittance 
measurements  were  omitted  for  samples  3B,  4B,  and  5B.  The  stainless  steel  samples 
were  tested  at  535®  ,  670®,  810®,  and  950°K  (500®,  750®,  1000®,  and  1250° F),  starting 
at  the  lowest  temperature,  and  samples  1S-3,  2S,  and  3Swere  also  tested  at  1090°K 
(1500®F).  Retests  of  most  of  the  samples  were  made  after  completion  of  the  measure¬ 
ments  to  check  the  stability  of  the  sample  emittance  characteristics.  A  summary'  of 
the  thermal  history  for  each  of  the  samples  is  presented  in  Section  VII. 

Absolute  spectral  normal  emittance  measurements  vert  made  with  the  variable  aper¬ 
ture  slit  width  set  at  0.075  in.  and  the  monochromator  inlet  slit  width  set  at  0. 90  mm 
to  collect  the  maximum  possible  amount  of  sample  energy  at  the  lower  test  temperatures . 
For  the  high-temperature  platinum  sample  tests  it  was  necessary  to  reduce  the  mono¬ 
chromator  slit  width  setting  to  0.50  mm  to  avoid  saturation  of  the  detector.  During 
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each  sample  "to -bl ackbody  ratio  measurement,  care  was  taken  to  maintain  constant 
values  for  such  variables  as  optical  alignment,  monochromator  slit  width  and  wave¬ 
length  settings,  and  amplifier  gain. 

Absolute  total  normal  emittance  measurements  were  made  with  the  variable  aperture 
slit  width  set  at  0.015  in.  and  with  an  additional,  horizontal  aperture,  l/4-in.  wide, 
in  front  of  the  vertical  slit.  This  arrangement  was  employed  to  avoid  saturation  of 
the  total  detector  system  while  at  the  same  time  obtaining  uniform  and  complete 
irradiation  of  the  total  detector  element.  (See  remarks  for  platinum  samples  IB  and 
6B  in  subsections  VII.  1  and  VU.  5. ) 
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Section  V 


RESULTS 


i.  PLATINUM  SAMPLES 
a.  Surface  Characteristics 

Photorr '  ■'rographs  of  the  five  platinum  sample1:'  before  and  after  emittance  tests  are 
shown  in  Figure  13.  These  pictures  illustrate  fes  sample- to- sample  variations  in 
surface  appearance  achieved  by  the  various  shot-r«s.  t  treatments  and  show  the 
changes  in  surface  abearance  due  to  the  annealing,  rmal  etching,  and  thermal 
Meeting  which  occurred  during  the  high-temperalur<:  en^ttance  tests.  Very  little 
quantitative  surface  profile  data  can  be  deduced  from  surface  photomicrographs 
because  of  the  small  peak-to-valley  dimensions  relative  to  the  lateral  (peak-to-peak) 
dimensions.  However,  the  photographs  do  provide  a  qualitative  measure  of  increasing 
roughness  and  are  presented  here  for  that  purpose.  All  the  micrographs  in  Figure  13 
were  taken  using  dark-field  (oblique)  illumination  of  the  surface,  as  opposed  to  bright- 
field  (direct)  illumination.  The  former  type  of  illumination  best,  indicates  variations 
in  surface  appearance  between  samples  and  provides,  increased  contrast  between  the 
recrystallized  grain  boundaries  and  the  roughened  grain  faces. 

Figure  13  shows  the  progressively  more  extensive  surface  pitting  obtained  on  fee 
platinum  samp.os  as  a  result  of  increased  shct-blast  pressure.  Even  the  nuld  shot- 
blast  treatment  for  sample  3B  is  sufficient  to  obscure  the  roll  marks  that  are  fee  pre¬ 
dominant  feature  of  the  as- received  surface.  The  post-  test  surface  micrographs 
show  that  recrystallization  and  thermal  etching  become  less  apparent  as  the  initial 
roughness  of  the  surface  increases.  Grain  boundaries,  which  are  the  dominant  feature 
of  the  unroughened  surface,  are  still  a  significant  feature  ot  the  surface  of  sample  3B. 
Grain  boundaries  are  also  detectable  on  the  surfaces  of  samples  4B  and  SB  but  are 
obscured  on  the  surface  of  sample  6B.  In  all  cases  where  -  rains  were  visible,  it 
appeared  that  they  were  of  the  same  average  size  for  each  staple,  although  sample  IB 
appeared  to  have  a  greater  number  of  smaller  grains  and  suffered  considerably  more 
thermal  etching  and  faceting.  The  effects  of  *he  increased  etching  were  clearly  visible 
to  the  unaided  eye  because  under  various  lighting  angles  the  grains  appeare  .  *o  be  blue 
and  yellow.  The  roughened  samples  exhibited  a  more  uniform  gray  appeara.  ;s,  even 
though  grains  could  be  observed  without  magnifying  optics. 

A  summary  of  roughness  characteristics  for  fee  platinum  surfaces  is  presented  in 
Table  IV.  Except  for  the  approximate  values  for  the  as- received  surface  of  sam¬ 
ple  IB,  shown  ill  parentheses,  all  the  parameters  were  determined  from  profilometer 
traces  of  the  surfaces.  Typical  portions  of  these  profilometer  traces  ire  shown  in 
Figure  14.  Samples  IB  and  6B  were  fee  only  two  for  which  significant  changes  in 
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Figure  13  Surface  Photomicrographs  of  Platinum  Samples  Before  and  After  1645°K  Emittanca 
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roughness  occurred  during  the  emittance  tests.  The  increased  roughr.:ss  values  for 

sample  IB  were  directly  attributable  to  the  recrystallization  shown  in  Figure  13.  The 

decreased  roughness  for  sample  6B  was  due  to  higL-temperature  annealing  effects 

which  cause  the  rougher  surface  asperities  to  slump  or  level  off.  Similar  large  drops 

in  roughness  were  observed  for  samples  tested  in  last  year's  program ,  when  the 

initial  rms  roughness  exceeded  100  pin.  The  relative  geometric  stability  of  samples 

3B,  4B,  ami  5B  indicates,  for  the  temperature-time  histories  of  these  samples,  that 

neither  recrystallization  nor  annealing  changed  the  roughness  from  the  initial  rms 

values  between  20  and  50  pin.  , 

The  emittance  characteristics  of  the  samples  remained  reasonably  stable  after  the  high- 
temperature  anneal  treatment  given  each  sample  before  the  emittance  tests.  Therefore, 
it  is  assumed  that  the  changes  in  surface  characteristics  indicated  in  Figure  13  and 
Table  IV  occurred  before  emittance  determinations  were  made. 

Many  analytical  treatments  of  the  effect  of  surface  roughness  on  the  scattering  of 
electromagnetic  energy  from  a  surface  include  the  assumptions  that  the  surface 
irregularities  are  isotropic  and  are  normally  distributed  about  a  mean  surface  plane. 

Profile  traces  of  the  platinum  samples,  made  both  parallel  and  perpendicular  to  the 
longitudinal  axis,  indicated  isotropy  in  these  directions  except  for  the  as -received 
platinum  surface.  Histograms  showing  the  frequen  -  distribution  of  profile  heights 
about  the  mean  surface  plane  were  prepared  for  the  -.ar  roughened  samples  and  are 
shown  in  Figure  15.  These  distributions  are  based  ^n  100  profile  height  measurements 
from  the  post-test  profilometer  traces  and  roughly  indicate  a  Gaussian  distribution  of 
surface  asperities.  A  larger  sampling  of  data  would  undoubtedly  result  in  a  more 
nearly  Gaussian  form;  however,  the  procedure  would  require  considerable  improvement 
over  the  manual  techniques  used  for  this  evaluation. 

Additional  information  about  the  surface  topography  of  the  unroughened  platinum  sam¬ 
ple  (IB)  was  obtained  from  surface  interference  micrographs  similar  to  those  shown 
in  Figure  16.  The  interference  pattern  for  the  pre-test  surface  indicates  that  the  roll 
marks  are  spaced  about  300  pin.  apart  and  are  from  5  to  20  pin.  deep  (1/2  to  2  green 
fringe  spacings).  This  close  spacing  suggests  the  possibility  that  the  500  pin.  (radius) 
stylus  tor  the  Proficorder  was  too  large  to  properly  indicate  the  valley  depths  for  this 
surface.  Consequently,  the  roughness  values  determined  from  the  profilometer  traces 
are  probably  low.  The  interference  pattern  for  the  post-test  surface  shows  a  dramatic 
change  in  the  surface  characteristics  of  this  sample.  No  trace  of  the  original  roll 
marks  remains.  The  dominant  surface  features  after  high-temperature  exposure  are 
the  grain  faces  and  boundaries.  The  grains  are  irregularly  shaped  polygons  with 
diameters  ranging  from  0. 02  to  0. 2  in.  (500  to  50Q0  p).  Each  grain  appears  to  have  * 

its  own  unique  surface  topography  with  no  preferred  orientation  or  irregularities. 

Some  ot  the  grains  appear  flat  and  smooth  while  others  appear  hilly  and  rough.  In 
addition,  many  grains  are  tilted  relative  to  those  adjacent  to  them.  These  features1 
were  corroborated  by  the  profilometer  traces  and  taper-sectior.  photomicrographs  of 
the  surface. 


48 


cr  =  2.38#t 
m 


Profilometer  traces  of  the  post-test  surface  of  sample  lB  indicated  that  the  mean 
surface  planes  for  adjacent  grains  were  frequently  displaced  from  one  another  by  as 
much  as  50  to  75  pin.  This  characteristic  was  evidenced  by  sudden  vertical  dis¬ 
placements  of  the  centerline  of  the  profilometer  trace  which  occurred  at  intervals 
corresponding  to  the  distance  between  grain  boundaries  indicated  by  the  surface 
photomicrographs.  Using  an  average  centerline  for  the  entire  length  of  one  pro¬ 
filometer  trace,  an  rms  roughness  value  of  23  pin.  was  calculated  for  the  surface. 

This  value  includes  the  roughness  contribution  of  the  long-period  (i.  e. ,  infrequent) 
grain  boundary  slips.  By  adjusting  the  centerline  of  the  same  profilometer  trace  to 
"fit"  each  apparent  grain  face,  an  rms  roughness  value  of  8  pin.  was  calculated.  The 
latter  value  represents  the  rms  roughness  of  the  grain  faces  only. 

Vertical  displacements  of  the  profilometer  centerline  were  also  detected  in  the  traces 
for  sample  3B;  however,  the  profile  between  the  slips  was  sigiii'  .itly  rougher.  The 
post-test  roughness  parameters  for  this  surface  were  also  calculated  by  adjusting  the 
centerline  to  fit  each  apparent  grain  face.  The  profilometer  traces  for  samples  4B, 

5B,  and  6B  indicated  no  boundary  displacements. 

Taper-section  photomicrographs  of  the  post-test  surfaces  of  platinum  samples  IB,  43, 
and  6E  are  shown  in  Figure  17.  These  micrographs  indicate  the  same  range  of  rough¬ 
ness  parameter  values  as  were  determined  from  the  profilometer  traces  for  these 
surfaces.  The  sudden  vertical  displacements  of  50  to  75  pin.  on  the  profilometer 
traces  of  sample  xB  correspond  directly  to  the  abrupt  ‘'slips"  shown  in  Figure  17. 

The  roughness  across  the  grain  feces,  as  indicated  in  Figure  17,  is  barely  detect¬ 
able  and  is  about  one  order  of  magnitude  less  than  the  displacements  at  the  grain 
boundaries.  For  sample  4B,  peak-to-vallev  depths  of  from  10  to  150  pin.  with  an 
average  peak-to^oeak  spacing  of  about  1300  pin.  are  indicated  in  Figure  17.  Both 
of  these  characteristics  are  in  agreement  with  those  indicated  by  the  profilometer 
traces.  The  taper  section  of  sample  6B  indicates  a  maximum  peak-to-valley  depth 
of  about  480  pin.  and  an  average  depth  of  about  160  pin.  Again,  both  values  cor¬ 
respond  with  the  profilometer  data  for  this  surface.  The  dark  areas  at  the  surface 
of  sample  6B  are  indications  of  surface  damage  (e.  g. .  crystalline  fractures  and 
reorientation)  caused  by  the  more  severe  shot-blast  treatment  of  this  surface.  This 
interpretation  is  supported  by  the  x-ray  diffraction  data,  which  indicated  a  change  in 
the  crystalline  orientation  at  the  surface  of  this  sample  caused  by  the  roughening 
process. 

Arc  spectrographic  analyses  of  each  sample  were  made  after  the  emittance  tests  to 
check  for  evidence  of  surface  contamination.  No  evidence  of  contamination  was  indi¬ 
cated  by  these  analyses.  Similarly,  no  evidence  of  embedded  glass-shot  fragments 
was  detected  during  the  microscopic  examinations  of  the  surfaces. 

X-ray  diffraction  patterns  were  obtained  after  the  emittance  tests  for  determination  of 
the  crystalline  orientation  of  each  surface.  The  pattern  obtained  from  sample  IB 
indicated  a  strongly  preferred  orientation  of  (200)  and  (220)  crystal  planes  parallel 
to  the  surface.  This  characteristic  was  also  -observed  for  the  as- rolled  platinum  and 
was  evidently  not  affected  by  the  annealing  a:d  thermal  etching  that  occurred  during 
the  high-temperat  ire  tests. 
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Figure  i?  laper  Section  Photomicrographs  of  Platinum  Samples  IB,  4B,  and  GB 
After  1645°K  Emittance  Tests  (Taper  Angle  =  5° 45') 


The  diffraction  patterns  for  samples  3B,  4B,  and  SB  were  identical  to  the  pattern  for 
sample  IB.  This  indicates  that  the  shot-blast  treatment  of  these  samples  did  not  alter 
the  original  crystalline  orientation  at  the  surface.  The  pattern  for  sample  6B,  however, 
contained  Hd-lines"  characteristic  of  the  (111)  and  (311)  crystalline  planes.  Thus,  the 
more  severe  shot-blast  treatment  of  this  sample  was  sufficiently  damaging  to  alter 
the  original  crystalline  orientation.  A  comparison  of  the  diffraction  patterns  for  the 
emittance  samples  with  a  standard  powder  pattern  for  platinum  (completely  randomized 
orientation)  is  shown  in  Table  V. 

An  overall  evaluation  of  the  results  of  the  surface  characterization  provides  the  follow¬ 
ing  conclusions: 

•  Exposure  of  platinum  samples  to  high  temperatures  for  extended  periods 
results  in  thermal  damage,  as  evidenced  by  etching  and  faceting  of  individual 
crystals.  The  extent  of  thermal  damage  is  time  dependent  and  was  most 
severe  on  the  as -rolled  specimen  (IB),  where  the  sample  was  held  at  elevated 
temperatures  in  excess  of  20  hr.  (For  details,  see  Section  VH.)  This  resulted 
in  creation  of  both  fine  structure  (faceting)  and  coarser  grain  surface  elevation 
shifts  (due  to  etching)  that  increased  the  emittance  of  the  sample. 

•  The  annealing  procedure  used  on  the  roughened  samples  provided  a  relatively 
stable  surface  geometry  for  the  short  duration  of  the  emittance  tests.  Rough¬ 
ness  values  obtained  at  the  conclusion  of  the  emittance  measurements  are 
reliable  indications  of  the  surface  geometry  that  existed  during  the 
measurements. 

•  Roughened  surfaces  up  to  50  pin.  rms  created  by  shot-blasting  platinum  are 
relatively  stable  fcr  the  thermal  conditions  used  in  this  program.  For  higher 
initial  values  of  roughness,  it  is  probable  that  high -temperature  annealing 
has  a  smoothing  effect  on  the  surface. 

<•  The  samples  used  in  the  program  were  of  high  purity  and  free  of  surface 
contamination;  they  were  thoroughly  annealed  before  measurement  of  emit¬ 
tance  and  had  a  preferred  crystal  orientation  at  the  surface. 
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b.  Emittance  Characteristics 

(1)  Total  Normal  and  Total  Hemispherical  Emittance 

A  complete  tabulation  of  the  total  normal  and  total  hemispherical  emittance  values  for 
each  platinum  sample  at  each  test  temperature  is  provided  in  Tables  XIV  through 
XVm  in  Section  VH.  A  summary  of  these  data  is  shown  in  Figure  18  along  with  com¬ 
parative  data  for  polished  platinum  reported  by  Abbott  et  a!,  in  (38). 

The  hemispherical  and  normal  results  clearly  show  a  trend  of  increasing  emittance 
with  roughness  for  all  samples  with  the  exception  of  the  smoothest  sample  (IB)  which 
had  the  highest  emittance  of  all  samples  tested.  The  reason  for  this  apparent  anomaly 
is  attributed  to  the  extended  period  of  high  temperature  (« 1650*K)  operation  to  which 
this  sample  was  subjected  during  alignment  and  calibration  of  the  apparatus.  This 
caused  a  considerable  increase  in  emittance  of  the  sample  due  to  thermal  etching  and 
faceting  of  the  surface  grains.  Such  phenomena  have  been  fre«  iently  observed  for 
platinum  and  are  reported  in  detail  in  (38)  where  increases  in  emittance  on  the  order 
ol  20%  occurred  after  12-hr  aging  at  12iO°K.  It  is  apparent  from  Figure  18  that  this 
same  order  of  change  must  have  been  experienced  by  sample  IB  since  its  emittance 
would  normally  be  slightly  less  than  that  3hown  for  sample  3B  if  it  had  received  the 
same  thermal  treatment. 

For  the  remaining  samples  it  is  apparent  that  roughening  from  0. 20  to  2. 38  p  rms 
results  in  an  increase  of  total  normal  emittance  of  from  5%  at  870*K  to  6%  at  1360*K. 
Corresponding  increases  in  total  hemispherical  omittance  are  10%  at  870*K  and  13% 
at  1360°K. 

Absolute  values  for  the  total  normal  and  hemispherical  emittance  of  sample  3B  com¬ 
pare  well  with  predictions  based  upon  single  electron  theories  and  with  the  experimental 
observations  of  Abbott  et  al,  (38)  as  shown  in  Figure  19.  Agreement  between  experi¬ 
mental  results  for  hemispherical  emittanc-?  at  temperatures  below  1200*K  is  excellent 
while  at  higher  temperatures  greater  divergence  :  s  apparent.  For  the  normal  emittance 
results,  agreement  is  excellent  throughout  the  -ntire  temperature  range.  These  results 
substantiate  the  expectation  that  very  slight  surface  roughness  (o^/x  <  0. 1)  will  have 
little  effect  on  absolute  values  of  emittance.  However,  as  reported  later,  slight  rough¬ 
ness  does  significantly  change  the  distribution  of  energy  above  the  surface  plane. 

It  is  doubtful  that  initial  values  of  emittance  will  remain  stable  during  long-term,  high- 
temperature  exposure  since  the  effects  of  recrystallization,  thermal  etching,  and 
thermal  faceting  will  alter  the  surface  and  result  in  significant  changes  in  surface 
geometry.  In  fact,  grain  boundary  slips  and  faceting  may  cause  geometric  changes 
that  overshadow  effects  introduced  by  the  roughening  procedure.  Examples  of  differ¬ 
ences  in  the  surface  geometry  of  platinum  samples  IB  and  3B  resulting  from  their 
high-temperature ,  emittance-test  exposures  are  shown  by  the  high  magnification 
photomicrographs  in  Figure  20.  Photomicrographs  (a)  and  (b)  show  the  surface  of 
sample  IB.  Differential  evaporation  from  the  surface  has  caused  formation  of  con¬ 
tinuous,  step- like  features,  shown  in  (a),  over  most  of  the  exposed  crystal  faces. 
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Figure  20  Surface  Photomicrographs  of  Platinum  Samples  IB  and  3B  After  1645°K  Emittance  Tests, 
Showing  Effect  of  Thermal  Etching  on  Surface  Geometry 


Only  a  few  smooth  crystal  faces,  such  as  shown  In  (b),  were  observed  on  this  surface. 

In  contrast  the  surface  of  sample  SB,  shown  in  photomicrographs  (c)  and  (d),  is 
observed  to  nave  entirely  different  geometric  features.  On  this  surface  evaporation 
has  produced  features  similar  to  those  shown  in  (c)  over  most  of  the  exposed  surface 
area.  Only  a  few  cf  the  crystals,  as  showi.  in  (d),  appear  to  have  the  step-like  features 
that  were  characteristic  of  the  surface  of  sample  IB.  These  comparisons  clearly 
demonstrate  the  differences  in  surface  geometry  that  existed  on  the  samples  during 
the  emittance  measurements  and  indicate  the  difficulty  involved  in  maintaining  a  pre¬ 
pared  surface  condition  at  high  temperatures.  Such  changes  undoubtedly  affect  the 
absolute  emittance  characteristics  of  the  surfaces;  consequently,  the  meanin^hilness 
of  the  data  wher  compared  with  that  of  other  investigators  is  of  questionable  value. 

A  comparison  batv/een  the  absolute  values  obtained  this  year  and  those  reported  after 
the  first  year's  effort  indicates  that  the  previous  total  normal  emittance  results  vrere 
high  by  approximately  10%.  The  reason  for  this  error  was  determined  early  in  the 
second  year's  program  and  was  traced  to  amplifier  saturation  end  detector  non- 
linearities.  Both  sources  of  error  were  thoroughly  investigated  and  operational  pro¬ 
cedures  implemented  which  circumvented  the  difficulties.  Consequently,  the  re  wilts 
obtained  this  year  are  in  better  agreement  with  those  of  previous  workers  over  the 
full  temperature  range,  in  contrast  with  those  obtained  last  year  where  emittance 
above  900°K  were  high.  An  assessment  of  the  experimental  procedure,  thermometry, 
blackbody  source,  and  detection  system  lead  to  the  conclusion  that  the  present  experi¬ 
mental  error  is  on  the  order  of  5%.  The  precision  is  estimated  on  the  order  of  1% 
based  on  the  ability  to  repeat  data  on  identical  samples  at  different  times.  Comparisons 
between  samples  are  estimated  to  be  of  this  same  order  of  precision. 

(2)  Spectral  Normal  Emittance 

Results  obtained  for  the  spectral  normal  emittance  of  each  platinum  sample  at  each 
test  temperature  are  presented  in  detail  in  Tables  XIV  through  XVin  In  Section  VII. 

The  measurements  were  made  point-by-point  at  nine  wavelengths  between  1. 0  and 
12. 0  p,  as  permitted  by  available  sample  energy  levels  at  each  temperature.  The 
spectral  normal  emittance  at  0. 65  p  was  determined  by  the  optical  pyrometer  method. 
Comparisons  of  the  data  lead  to  the  same  conclusions  as  reached  for  the  total  emittance 
data;  namely,  that  sample-to-sample  variations  caused  by  surface  roughness  were  on 
the  order  of  10%  with  greater  roughness  producing  higher  emittance.  A  comparison  of 
data  obtafc  1  at  865°K  and  1645°K  is  presented  in  Table  VI,  and  is  typical  of  compari¬ 
sons  at  the  other  temperatures.  The  high  emittance  values  for  sample  IB  correlate 
with  the  total  emittance  results  ami  again  indicate  that  the  as-rolled  specimen  suffered 
high  temperature,  thermally  induced,  surface  modification.  Samples  3B  through  6B 
show'  an  overall  increase  of  emittance  with  increasing  roughness,  though  from  one 
sample  to  the  next  rougher  sample  the  difference  is  small. 

Sample  energy  limited  the  wavelength  range  of  each  determination  to  the  extent  that 
integration  of  the  spectral  results  for  comparison  to  total  normai  results  Is  not  an 
accurate  procedure.  However,  some  integratione  were  performed  using  extrapolations 
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Table  VI.  Spectral  Normal  Emittance  of  Platinum  Samples 


Sample  No. 


— 

IB 

3B  | 

4B  i 

_ 

5B 

6B 

At  T  =  865*K 

2 

0.115 

0. 105 

mm 

0.135 

mm 

0.105 

0. 102 

■ 

0.107 

H 

4 

0.085 

C.  082 

0.0S1 

■ 

■£9 

6 

0.068 

0.062 

0.066 

mm 

8 

0.057 

0.052 

0.050 

0.058 

0.065 

10 

0. 050 

0.041 

_ 

0.043 

0.039 

0.058 

At  T  =  1645*K 

0. 65va> 

0.30 

MM 

0.28 

B I 

Bi 

1.0 

0.244 

■89 

0.254 

mm 

mm 

1.5 

0.197 

0. 197 

0.212 

■£■ 

B£9 

2 

0. 165 

0.166 

0.180 

0.172 

0.167 

3 

0.140 

0. 141 

0.144 

0.146 

0.144 

4 

0.118 

0. 118 

0.119 

0.122 

0.123 

6 

0.098 

0.097 

0. 100 

0.102 

0.107 

8 

0.086 

0.085 

0.087 

0.089 

0.094 

10 

0.076 

0.074 

0.072 

0.079 

0.087 

12 

0.065 

0.067 

0.070 

0.070 

0. 080 

(a)  Determined  by  optical  pyrometer  method. 
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of  the  available  data  to  obtain  emittance  values  at  the  short  and  long  wavelength  ends 
of  the  energy  spectrum.  Comparison  of  these  results  with  the  measured  total  normal 
values  show  the  integrated  values  to  be  approximately  10%  low.  This  disagreement  is 
within  the  inherent  accuracy  of  the  experimental  and  analytical  procedures. 

Changes  in  spectral  normal  emittance  with  increasing  temperature  are  shown  in 
Figures  21  and  22  for  samples  3B  and  5B  respectively.  A  comparison  between  these 
figures  demonstrates  that  surface  roughness  has  less  influence  on  the  spectral  emit¬ 
tance  than  does  the  sample  temperature.  Roughening  in  this  range  did  not  cause 
significant  increases  in  c(0n,X,T)  nor  did  it  influence  the  functional  dependence  of 
cmittam  on  wavelength.  A  similar  result  is  obtained  by  comparison  of  data  from  the 
other  samp.es. 

(3)  Relative  Total  Directional  Emittance 

The  results  obtained  from  relative  total  directional  emittance  measurements  are  pre¬ 
sented  in  Figures  48,  55,  62,  69,  and  76  in  Section  VII.  These  results,  along  with 
the  spectral  measurements  discussed  in  the  next  section,  satisfy  the  primary  objec¬ 
tive  of  this  program.  It  was  anticipated  that  absolute  emittance  values  would  be* 
influenced  by  numerous  factors  that  could  rot  be  precisely  controlled  during  the  experi¬ 
mental  effort.  Additionally,  it  was  expected  that  surface  roughness  would  not  provide 
large,  demonstrative  changes  in  absolute  emittance  properties  for  the  range  of  rough¬ 
nesses  used.  These  expectations  are  adequately  substantiated  by  the  results  discussed 
in  the  previous  sections.  However,  it  was  also  anticipated  that  slight  roughness  would 
strongly  influence  the  spatial  distribution  of  energy  leaving  the  surface.  These  data 
provide  the  most  sr.  iitive  measure  of  surface  geometry.  In  addition,  the  inherent 
precision  of  relative  measurements  is  of  considerable  assistance  where  accurate  com¬ 
parisons  of  the  effects  of  roughness  are  desired. 

The  directional  emittance  of  a  polished  metallic  surface  may  be  predicted  with  reason¬ 
able  certainty  from  classical  reflectance  theories  that  utilize  known  values  of  the 
optical  constants.  These  theoiie<‘  have  frequently  been  presented  in  detail  in  previous 
literature  and  were  discussed  ir.  last  year's  final  report.  The  results  reported  in 
Section  VII  are  in  essential  agreement  with  analytical  predictions  in  terms  of  the  effect 
of  temperature  or.  total  directional  emittance.  Three  characteristics  are  noticeable 
for  all  of  the  platinum  samples.  First,  the  maximum  relative  directional  emittance 
value,  designated  [e(0)max]  >  decreases  as  the  sample  temperature  increases.  Sec¬ 
ond,  the  angle  at  wlrich  the  maximum  relative  directional  emittance  occurs,  designated 
0ntax »  tends  to  shift  slightly  towards  the  normal  as  the  sample  temperature  increases. 
Finally,  the  area  beneath  each  curve,  which  is  a  measure  of  the  total  hemi spheric al-t<">- 
total  normal  emittance  ratio  [sec  Eq.  (24),  subsection  IV.  2.e] ,  decreases  as  the 
sample  temperature  increases.  These  general  trends  arc  all  in  agreement  with  antici¬ 
pated  cUunges  in  n  and  k  wfth  temperature  and  wavelength.  A  summary  of  the  values 
obtained  for  these  three  parameters  is  presented  in  Tables  VII  and  VHI, 

Changes  in  e(0)max  and  e(T)/c  0jsj,T)  with  temperature  are  evident  for  all  samp ies 
with  the  strongest  teraperatur  3  c’  ^pendency  existing  for  the  smoother  samples.  Rough 


Figure  21  Spectral  Normal  Emittauce  of  Platinum  Cample  3B  (or 


e  22  Spectral  Normal  Emittance  oi  Platinum  S; 


Table  Vfl.  Temperature  Dependence  of  0  v  and  e(0>  „  for  the  Total  Emitted  Energy 

From  Platinum  Samples  max  max 


L225  1.160  “  1.218 

l365  1.160  1.172  1.188  1.169  1.216 

1645  1.137  1.132  1.169  1.159  1.2U. 


surface  effects  tend  to  smooth  out  the  temperature  dependence.  The  effect  of  surface 
roughness  on  the  relative  total  directional  emittance  characteristics  of  platinum  is 
illustrated  by  the  curves  shewn  in  Figures  23  and  24  for  the  highest  and  lowest  test 
temperature  used  in  this  study.  These  figures  show  that  for  a  fixed  temperature,  the 
value  of  e(0)max  decreases  as  surface  roughness  increases.  The  decrease  caused 
by  roughness  is  largest  for  low  temperature  surfaces  due  to  the  highly  directional 
emittance  characteristics  at  long  wavelengths  as  shown  in  the  following  section. 

Attendant  with  the  lower  e(fl)max  values  obtained  for  rougher  surfaces  there  is  an 
increase  in  e(B  ,T\/e(0$  ,T)  a*  viewing  angles  between  20  and  70  deg.  Integration  of 
the  distributional  data  shows  the  ratio  of  hemispherical  to  normal  emittance  to  in¬ 
crease  with  increasing  roughness  even  though  e(0)max  has  decreased.  This  is 
clearly  demonstrated  by  comparison  of  the  values  listed  in  Table  VIII  for  each  tem¬ 
perature.  Except  for  the  865#K  data,  however,  the  trend  is  not  a  smooth  function  of 
roughness.  For  the  range  of  surface  roughness  values  represented  by  these  samples, 
little  or  no  effect  on  the  relative  total  directional  emittance  at  viewing  angles  between 
0  and  20  deg  was  observed. 

(4)  Relative  Spectral  Directional  Emittance 

A  complete  compilation  of  spectral  directional  emittance  data  for  each  of  tho  platinum 
samples  is  presented  in  grarncal  form  in  subsections  VH.  1  through  VII.  5.  The  data 
include  angular  distribution  s  for  the  parallel  and  perpendicular  components  of  polarized 
radiation  emitted  at  wavelengths  of  1. 5,  2,  3,  4,  6,  and  8  p.  An  inspection  of  the  data 
indicates  that  for  each  sample,  the  relative  angular  distribution  of  the  perpendicular 
polarized  component  of  ^nutted  energy  at  each  of  the  above  wavelengths  is  a  very  weak 
function  of  sample  temperature  between  865  and  1645“K.  It  is  also  observed  that  the 
angular  position  of  maximum  emittance  for  the  parallel  polarized  component  does  not 
change  measurably  with  temperature.  These  two  observations  lead  to  the  conclusion 
that  the  optical  constants  ox  platinum  (n  and  k)  in  the  infrared  are  nearly  constant 
with  temperature  throughout  this  temperature  range.  The  re  sub  ‘or  and 

€(e?)max  are  summarized  in  Table  IX.  The  general  trend  of  the  results  isfor  a  slight 
decrease  in  as  the  temperature  increases.  This  implies,  on  the  basis  of 

single  electron  theories,  that  the  ratio  k/n  is  increasing  and  the  sum  (n2  +  k2)  is 
decreasing  as  a  function  of  increasing  temperature.  The  absolute  values  of  the  changes 
were  not  determined  though  they  are  obviously  small.  Optical  constants  were  not  com¬ 
puted  from  the  results  on  sample  IB  since  the  technique,  as  reported  last  year,  is 
insensitive  to  small  changes  in  directional  characteristics. 

The  behavior  of  each  sample,  as  a  function  of  wavelength  at  fixed  temperature,  demon¬ 
strates  the  effect  of  increasing  n  and  k  with  wavelength.  Figures  25  and  26  present 
the  directional  results  for  sample  IB.  The  maximum  emission  angle  (8)ni ax 
maximum  relative  emittance,  e(tf)max >  for  the  parallel  polarized  component  both 
increase  with  wavelength,  indicating  larger  values  of  the  optical  constants  in  the  infra¬ 
red.  These  changes  were  apparent  for  all  samples  and  were  not  eliminated  by  increas¬ 
ing  surface  roughness,  although  the  wavelength  dependence  for  the  rougher  samples  is 
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Roughness  on  Relative  Total  Directional  Emittance  of  Platinum  at  865* K 


Table  IX.  Wavelength  and  Temperature  Dependence  of  0raax  and  e(0)max  for  the  Parallel  Polarized 
Component  of  Emitted  Energy  From  Platinum  Samples  . 
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valuos  questionable  because  of  sample  warpage. 


Wavelength  Dependence  of  Parallel  Polarized  Component  of  Relative  Spectral  Directional  Emlttance 
of  Platinum  (Sample  IB  at  1645*K) 


Wavelength  Dependence  of  Perpendicular  Polarized  Component  of  Relative  Spectral  Directional 
Emittance  of  Platinum  (Sample  IB  at  1645° K) 


less  dominant.  Figure  26  shows  spectral  changes  in  the  perpendicular  directional 
component  for  sample  IB  and  indicates  a  negligible  wavelength  dependence  for  this 
component.  This  is  in  agreement  with  predictions  from  the  Fresnel  equations. 


Spectral  hemispherical-to-spectral  normal  emittance  ratios  for  all  the  platinum 
samples,  determined  using  Eq.  (24),  subjection  IV.  2.  e,  are  listed  in  Table  X  for  the 
lowest  and  highest  test-temperature  data.  The  hemispherical-to-normal  emittance 
ratios  obtained  at  the  intermediate  test  temperatures  were  intermediate  to  those 
reported  here.  Although  the  values  ior  e(9)max  tend  to  decrease  slightly  with 
increasing  temperature,  as  noted  from  the  data  in  Table  IX,  the  effect  of  this  decrease 
on  the  hemispherical-to-normal  emittance  ratio  is  small  because  of  the  large  angle  at 
which  €(0)max  occurs.  The  change  in  the  relative  spectral  directional  emittance 
r  nracteristics  of  the  parallel  polarized  components  illustrated  in  Figure  25,  however, 
is  sufficiently  large  to  produce  detectable  changes  in  the  hemispherical-to-normal 
emittance  ratio  with  wavelength.  As  shown  by  the  data  in  Table  X,  this  ratio  tends  to 
increase  with  wavelength. 


Table  X.  Wavelength  and  Temperature  Dependence  of  e(A,T)/ €(0-.,  A,T) 
Ratios  for  Platinum  Samples 


Nominal 

Temperature 

CK) 

Wavelength  . 
< It ) 

865 

2 

865 

3 

865 

4 

1645 

1.5 

1645 

2 

1645 

3 

1645 

4 

1645 

6 

1645 

8 

Sample  No. 


4B 


The  temperature  and  wavelength  effects  described  above  are  observed  to  generally 
hold  true  for  each  of  the  platinum  samples,  regardless  of  its  surface  condition.  The 
relative  spectral  directional  emittance  characteristics  of  platinum,  however,  are 
modified  by  the  roughness  of  the  surface,  as  illustrated  by  the  data  shown  in  Figures  27 
and  28.  These  figures  compare  the  directional  results  for  each  of  the  polarized  com¬ 
ponents  at  1.  5  and  6  /x  for  samples  IB,  3B,  5B,  and  6B.  The  effect  of  increasing 
roughness  is  to  decrease  the  strongly  directional  character  of  the  polished  surface. 

This  is  most  apparent  at  the  longer  wavelengths  where  the  polished  surface  is  most 
directional.  The  overall  effect  of  roughening  is  tc  decrease  e(0)max  and  t9max 
the  parallel  component  and  to  increase  e(0  ,X  ,T)A(0jst  ,A ,T)  of  the  perpendicular 
component.  The  integrated  spectral  directional  results  for  e(6  ,T)  are  in  good  agree¬ 
ment  with  those  reported  in  the  previous  section. 

As  was  the  case  for  the  total  hemispherical  to  normal  emittance  ratio,  it  is  seen  that 
increasing  roughness  increases  the  ratio  c(\ ,  T)/ €(%  ,  A  ,  T)  for  all  temperatures  and 
wavelengths.  While  this  is  lot  immediately  apparent  from  an  initial  inspection  of 
Figures  27  and  28,  it  is  easily  discerned  when  the  results  are  plotted  as 

fc-(|<6,A,T)  +  €^(0  ,  A  ,T) 

€(0N,A,T) 

versus  cos  9  .  In  this  form  it  becomes  apparent  that  the  sliift  of  parallel  component 
energy  from  extreme  angles  ( 0  >  80  deg)  to  less  grazing  angles  (30  deg  <  0  <  80  deg) 
combined  with  an  overall  increase  in  the  perpendicular  comporent  results  in  the  trend 
of  values  reported  in  Table  X. 

As  previously  mentioned  in  subsection  II.  3,  attempts  at  correlating  the  directional 
emittance  data  with  the  parameters  am/ A  and  a/ A  were  made;  however,  no  definite 
correlating  functions  were  established.  The  effects  of  polarization  that  are  clearly 
observable  on  the  previous  figures  are  not  accounted  for  bv  the  reflectance  theories; 
therefore,  complete  correlations  based  on  parameters  from  that  theory  are  not  antici¬ 
pated.  However,  it  is  interesting  to  note  that  the  maxima  of  the  spectral  distributional 
curves  for  the  parallel  component  are  strongly  influenced  by  the  parameter  <rm/A .  It 
was  found  that  these  maxima  could  be  described  by  a  single  plot  similar  to  that  shown 
on  Figure  29  for  T  =  1645°K.  Similar  results  were  obtained  for  the  other  tempera¬ 
tures.  In  each  case,  sample  IB  was  observed  to  deviate  considerably  from  the  remain¬ 
ing  samples  due  apparently  to  the  different  nature  of  its  surface  profile.  The  grain 
displacements,  thermal  etching,  and  thermal  faceting  that  introduced  roughness  into 
this  surface  provide  a  geometry  that  is  far  from  irregular  or  Gaussian. 

For  the  other  samples,  the  correlation  with  crm/A  was  distinct  for  each  temperature 
though  no  single  ar  «  vtical  form  was  found  to  describe  the  correlation  function.  In 
most  cases  the  curvw  are  best  described  by  an  inverse  power  of  (crmA)  rather  than 
the  exponential  function  used  to  describe  the  decay  of  specularly  reflected  energy. 
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Figure  29  Correlation  Between  rms  Roughness-to-Wavelength  Ratio  and  Maximum  Relative  Directional  Emittance 
Values  for  the  Parallel  Polarized  Component  at  T  =  1645°K 


2.  STAINLESS  STEEL  SAMPLES 


a.  Surface  Characteristics 

Surface  photomicrographs  of  the  stainless  steel  samples  before  and  after  their  emittance 
tests  are  shown  in  Figure  30.  Electron  micrographs  of  the  same  surfaces  are  shown 
in  Figure  31.  Micrographs  of  sample  1S-3  are  not  shown  since  its  surface  appearance, 
both  before  and  after  the  emittance  tests,  was  nearly  identical  to  those  shown  for  sam¬ 
ple  1S-2.  No  after-test  micrographs  of  sample  3S  were  taken  because  the  oxide  appar¬ 
ently  dissociated  and  evaporated  during  its  test  at  1090°K.  leaving  a  bright,  unoxidized 
surface. 

The  initial  electropolished  and  annealed  surface  condition  of  all  smooth  samples  was 
identical  to  that  shown  for  sample  1S-2.  Similarly,  the  initial  electropolished,  glass- 
shot  blasted  and  annealed  surface  of  sample  1R  is  representative  of  all  the  roughened 
sample  surfaces  before  they  were  oxidized.  The  rms  roughness  of  the  latter  samples 
was  20pin.  before  oxidation.  No  roughness  measurements  were  made  of  the  samples 
after  oxidation  since  the  substrate  roughness  produced  by  the  shot-blast  treatment  was 
completely  obscured  by  the  oxide  film;';. 

The  thickness  of  the  oxide  films  on  each  sample  increased  during  the  high-temperature 
emittance  tests  with  the  exception  of  the  film  on  sample  3S  which  disappeared  from  the 
surface  during  the  tests  at  1090°K.  No  satisfactory  explanation  for  this  oxide  removal 
is  known  since  its  composition  was  the  same  as  for  the  other  samples  and  the  dissocia¬ 
tion  pressure  for  Fe3C>4  at  1090°K  is  low  -  on  the  order  of  10-H  Torr  (39).  To  prevent 
a  recurrence  of  the  phenomenon,  the  maximum  test  temperature  for  the  remaining 
samples  was  lowered  to  950° K.  Changes  in  the  thickness  of  the  oxide  films,  even  at 
this  lower  temperature,  caused  significant  changes  in  the  emittance  characteristics 
of  the  samples. 

Continued  oxidation  of  the  stainless  steel  samples  during  emittance  tests  was  not 
anticipated  since  the  test  chamber  pressure  was  maintained  at  pressures  less  than 
5  x  10 Torr  during  all  high-temperature  measurements.  It  is  possible  that  the 
sample  surfaces  acted  as  "getters"  for  residual  oxygen  and/or  water  vapor  in  the 
test  chamber.  A  phase  transition  occurs  for  Fe3C>4  at  900’K  (40).  However,  the 
influence  of  this  transition  on  the  surface  oxidation  is  uncertain.  Richmond  (41)  has 
reported  a  similar  occurrence  for  an  Inconel  specimen  which  oxidized  when  heated  to 
between  850  and  950° K  in  a  vacuum  of  10~5  Torr. 

The  initial  surface  photomicrographs  of  sample  1S-2  show  that  crystallization  of  the 
stainless  steel  samples  occurred  during  their  pre-oxidation  anneal  treatment  at  1300°K 
(10  min)  in  the  dry  hydrogen  furnace.  Grain  boundaries  are  clearly  evident  on  the 
initial  surfaces  of  samples  1S-2  and  2S  (also  on  1S-3),  but  are  obscured  by  the  roughness 
on  sample  1R.  These  grain  boundaries  are  also  evident  in  the  electron  micrographs 
(Figure  31),  including  the  one  of  sample  1R.  Small  spherical  nodules  appear  to  be 
scattered  over  the  surfaces  of  samples  1S-2  and  1R.  Gulbransen  and  Andrew  (32) 


76 


Before  Emittance  Tests 


Before  Emittance  Test 


•e  31  Electron  Micrographs  of  304  Stainless  Steel  Surfaces  Before  and  After  Emittance  Tests  (I) 


Before  Emittance  Tests 


gure  31  Electron  Micrographs  of  304  Stainless  Steel  Surfaces  Before  and  After  Emittance 


point  out  that  the  annealing  of  stainless  steel  at  temperatures  above  1050®K  is  known 
to  precipitate  carbides  and  nitrides  which  might  also  occur  during  normal  oxidation 
at  these  temperatures.  The  nodules  on  these  surfaces  are  assumed  to  be  these 
precipitates . 

The  photomicrograph  of  the  initial  surface  of  sample  2S  fails  to  show  the  thin,  gold- 
colored  oxide  film  that  covered  this  surface;  however,  the  oxide  film  is  clearly  evident 
.  1  the  electron  micrograph.  The  latter  micrograph  also  indicates  a  difference  in  the 
formation  rate,  and  possibly  in  the  composition  of  the  oxide  at  the  grain  boundaries. 

Photomicrographs  of  the  initial  surfaces  of  samples  3S,  4S,  5S,  3R,  and  5R  indicate 
that  the  thicker  oxide  films  hide  the  substrate  and  that  the  oxide  morphology  changes 
considerably  as  film  thickness  increases  from  0. 015  to  about  1. 0  p.  The  changes  in 
morphology  are  shown  more  dramatically  by  the  electron  micrographs  of  these  surfaces. 
Large  oxide  nodules  begin  to  appear  on  the  surfaces  of  samples  3S  and  3R  with  major 
diameters  of  up  to  2  u.  These  nodules  continue  to  form  and  grow  to  where  they  cover 
over  50%  of  the  surface  area  of  sample  4S  and  have  major  dimensions  up  to  4  p.  On 
the  surface  of  sample  5S,  the  nodules  are  merging  together,  forming  relatively  smooth¬ 
looking  lumps  of  oxide  up  to  8  or  10  p  long. 

Emittance  data  for  the  stainless  steel  samples  at  temperatures  less  than  950°K  are 
attributed  to  oxide  films  having  the  initial  properties  described  above.  However,  at 
950°K  all  the  surfaces  (except  for  sample  1S-3)  experienced  further  oxidation  which 
resulted  in  significant  changes  of  the  emittance  characteristics  on  both  oxidized  and 
unoxidized  samples.  Micrographs  of  the  after-test  surfaces  in  Figures  30  and  31  show 
the  changes  in  surface  appearance  of  the  samples  caused  by  high  temperature  exposure 
and  attendant  oxidation.  The  most  dramatic  change  occurred  on  the  unoxidized  sample 
surfaces  (1S-2  and  1S-3).  A  light  blue-colored  oxide  film  formed  on  sample  1S-2 
during  its  950°  K  tests  which  appeared  entirely  different  from  the  prepared  oxides . 

Small  grained  crystals  completely  hid  the  substrate  and  were  brightly  multicolored 
when  viewed  through  a  microscope.  A  light  gold-colored  oxide  film  formed  on  sample 
1S-3  during  its  1090*K  tests  in  the  hydrogen-purged  atmosphere  and  appeared  practically 
identical  in  structure  to  the  initial  film  on  sample  1S-2.  A  light  reddish-gold-colored 
film  formed  on  sample  1R  during  its  950°  K  tests  that  appeared  more  fine-grained  than 
the  thicker  oxides,  but  did  not  have  the  bright,  multicolored  appearance  of  the  smooth 
surface  oxides.  Electron  micrographs  of  the  films  that  formed  on  samples  1S-2  and 
1R  indicate  the  smoother  and  more  uniform  films  that  formed  on  these  samples. 

Electron  micrographs  of  the  remaining  samples  in  Figure  31  show  that  significant 
changes  in  the  morphology  of  all  the  oxides  occurred  during  the  emittance  tests. 

These  changes  were  not  generally  detected  in  the  surface  photomicrographs,  except 
in  the  case  of  sample  2S. 

Only  one  clear  surface  interference  photomicrograph  was  obtained  from  the  stainless 
steel  samples  and  it  is  shown  in  Figure  32.  This  was  obtained  on  sample  1S-2  and  is 
representative  of  all  the  smooth,  electropolished ,  and  annealed  stainless  steel  surfaces 


before  oxidation.  Because  of  the  nonuniform  appearance  of  the  pattern,  it  is  not 
possible  to  specify  quantitative  values  of  roughness  parameters  by  analyses  of  the 
patterns.  However,  the  photograph  does  show  closed  fringes  around  each  precipitate 
nodule  which  indicate  their  height  to  be  between  1/2  and  1  p  (2  to  4  fringes).  This 
dimension  agrees  with  the  diameter  measurements  from  the  electron  micrograph  in 
Figure  31,  and  indicates  the  nodules  to  be  approximately  spherical  in  shape. 

Attempts  to  obtain  direct  measu  *ements  of  film  thickness  by  the  techniques  described 
in  Section  in  were  generally  unsuccessful.  Best  estimates  of  the  average  initio*  oxide 
fiin  thickness  are  believed  to  be  those  from  weight -gain  data  obtained  before  and  after 
sample  oxidation.  However,  this  method  was  not  applicable  for  determining  the  changes 
in  thickness  during  the  emittance  teste  because  of  the  weight  of  the  thermocouple 
attachments . 

Attempts  to  measure  film  thickness  from  micrographs  of  metallurgical  cross-section 
mounts  of  the  samples  were  unsuccessful  for  the  thin  films  on  samples  2S  and  SS. 
However,  some  success  was  obtained  by  metallographic  cross -sectioning  for  the 
thicker  films  on  samples  4S  and  53.  Photomicrographs  and  electron  micrographs  of 
the  films  on  these  latter  two  samples  are  shown  in  Figure  33.  The  photomicrographs 
indicate  average  film  thicknesses  of  approximately  1. 25  fx  for  sample  4S  and  1.5  p 
for  sample  5S.  These  values  are  slightly  larger  than  those  from  the  weight-gain 
estimates  for  the  initial  thickness  of  these  films.  Average  film  thickness  estimates 
obtained  from  the  electron  micrographs  of  the  same  cross-section  mounts,  are  2.3  /z 
for  sample  4S  and  3. 8  fi  for  sample  5S.  These  values  are  about  twice  as  large  as 
those  obtained  from  microscopic  examination,  but  are  highly  questionable  since  the 
oxide  boundaries  are  so  poorly  defined  and  the  lateral  field  of  view  is  so  small  at  this 
high  magnification.  Definition  of  the  oxide  boundaries  on  the  electron  micrographs  of 
the  cross -sectioned  thinner  oxide  films  of  sampies  2S  and  3S  was  so  poor  that  no 
definitive  estimate  of  thickness  could  be  established. 

Attempts  were  also  made  to  determine  oxide  film  thickness  from  electron  shadow¬ 
graphs  of  "free’'  films.  These  were  stripped  from  the  stainless  steel  substrate,  east 
in  epoxy,  and  cross  sectioned'  [  see  subsection  m.  3.b.  (X)} .  Typical  shadowgraphs 
obtained  by  this  method  are  shown  in  Figure  34.  The  procedure  required  to  obtain  a 
suitable  cross-section  was  tedious  and  the  results  were  erratic  and  nonrepeatabie 
from  cue  region  to  another  on  the  same  film  sample.  The  thinner  films  usually 
appeared  to  be  discontinuous,  which  is  not  surprising  in  view  of  the  uneven  profiles 
indicated  by  the  surface  micrographs  shown  in  Figure  31.  From  the  shadowgraphs 
shown  for  the  thin  films  in  Figure  34,  it  is  apparent  that  film  thickness  estimates 
would  be  highly  unreliable.  The  tliicker  oxide  film  stripped  from  sample  5S,  was 
more  uniform  and  its  thickness  agreed  fairly  well  with  that  indicated  by  the  weight  gain 
data  and  the  photomicrograph  shown  in  Figure  33. 

The  discontinuous  nature  of  the  tldnner  films  indicated  by  the  electron  shadowgraphs 
was  also  apparent  on  normal  transmission  shadowgraphs  of  one  of  the  "free"  films. 

Two  of  these  latter  shadowgraphs  are  shown  in  Figure  35.  Another  example  of  the 
preferred  oxidation  in  the  vicinity  of  a  grain  boundary  is  indicated  in  the  lower 
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Figure.  33  Cross-Section  Micrographs  of  Oxide  Films  on  Stainless  Steel  Mag.: 
Samples  4S  and  5S,  After  Emittance  Tests 


a .  Oxide  Film  Stripped  From 
Sample  Oxidized  at  800°  C 
for  20  rain  {Similar  to 
Sample  3S) 


f 


b.  Oxide  Film  Stripped  From 
Sample  3S  {Control  Disk), 
Before  Emittar.oe  Tests 


c.  Oxide  Film  Stripped  From 
Sample  5S  (Control  Disk), 
Before  Em’ttance  Tests 


Figure  34  Cross-Section  Electron  Shadowgraphs  of  Stainless  Steel 
Oxide  Films 
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shadowgraph  in  this  figure.  The  results  obtained  from  weight  gain  measurements  and 
from  the  various  photomicrographic  and  electron  micrographic  examinations  clearly 
indicate  the  complex  nature  of  the  films  examined  during  this  study.  The  films  were 
irregular,  suffered  changes  in  morphology  with  temperature,  and  had  thicknesses 
which  from  point-to-point  varied  by  an  order  of  magnitude.  It  is  obvious  that  the 
average  film  thickness  values  computed  from  weight  gain  data  have  little  meaning  for 
such  heterogeneous  surfaces.  However,  the  other  inspection  techniques  also  fail  to 
provide  the  information  required  for  analysis  of  the  effect  of  oxide  films  on  emittance 
due  to  the  limited  field  of  view  of  the  micrographs  (this  severely  limits  the  statistical 
sample  availaole),  and  the  need  for  considerable  interpretation  of  the  photographic 
evidence  obtained.  These  results  indicate  the  need  for  further  development  of  film 
thickness  measuring  techniques  and  also  show  that,  for  the  stainless -steel  samples 
used  in  this  program,  a  single  specification  of  film  thickness  cannot  be  established 
for  the  purpose  of  describing  the  emittance  results. 

Oxide  film  composition  determinations  were  made  exclusively  from  electron  diffraction 
patterns  of  the  films.  Transmission  patterns  were  obtained  for  the  thin  films  on  sam¬ 
ples  2S  and  3S  and  of  the  light  blue-colored  film  that  formed  on  sample  1S-2  during  its 
emittance  tests .  Reflection  patterns  were  obtained  for  the  films  on  samples  4S  and  5S 
since  these  were  too  thick  to  be  analyzed  by  the  transmission  method.  Samples  of  the 
initial  oxide  films  used  for  analysis  were  obtained  from  1-in.  diameter  control  disks 
that  were  oxidized  along  with  the  emittance -test  samples.  Samples  of  the  after-test 
oxide  film  were  obtained  from  the  center  portion  of  the  test  strips  themselves.  Typical 
diffraction  patterns  are  shown  in  Figure  36  along  with  a  pattern  of  the  gold-foil  standard 
used  for  calibration.  From  these  patterns,  the  composition  of  all  the  oxide  films  was 
determined  to  be  primarily  Fe304;  however,  a  large  number  of  weaker  diffraction  lines 
were  observed  which  could  not  be  accounted  for. 

The  formation  of  Fe304  on  the  stainless  steel  samples  is  consistent  with  the  findingo 
reported  by  Hickman  and  Guibransen  in  (42)  for  other  18/8  type  stainless  steels.  For 
oxide  films  formed  on  a  type  301  stainless  steel  in  a  1-mm  atm  of  oxygen  at  tempera¬ 
ture  from  300  to  90C°C  the  most  common  oxide  structure  is  reported  to  be  Fe3C>4. 

It  is  further  reported  that  a  Cr2C>3  structure  predominates  at  the  800oC  formation 
temperature  and  at  OOC’C  a  spinel  formation,  probably  of  Fe,  Cr,  and  Mn,  occurs. 
Depending  on  the  size  and  orientation  of  the  oxide  crystals,  various  degrees  of  sharp¬ 
ness  of  the  pattern  lines  results,  with  intense  arcs  or  spots  generally  indicating 
preferential  growth  of  the  oxide  crystals  on  the  surface.  Based  on  the  above  report, 
it  is  assumed  that  the  additional  lines  that  appeared  in  the  patterns  obtained  from  the 
emittance  test  samples  probably  resulted  from  the  spinel  structure  obtained  at  the 
higher  formation  temperature,  since  they  are  not  accounted  for  by  the  Cr2C>3  pattern. 
No  significant  change  in  the  patterns  was  detected  as  a  result  of  the  emittance  test 
procedures. 
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a.  b.  c. 


a.  Blue  Oxide  Film  on  Sample  1S-2,  After  Emittanee  Tests. 

b.  Initial  Gold  Oxide  Film  on  Sample  2S. 

c.  Initial  Purple  Oxide  Film  on  Sample  3S. 


d.  e.  f. 


d,  Initial  Gray  Oxide  Film  on  Sample  4S. 

e.  Initial  Brown-Gray  Oxide  Film  on  Sample  5S. 
i.  Gold-Foil  Standard  for  Calibration. 


Figure  36  Electron  Diffraction  Patterns  of  Stainless  Steel  Oxide  Films 
and  Gold  Standard 
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b.  Emittance  Characteristics 


(1)  Total  Normal  and  Total  Hemispherical  Emittance 

Absolute  total  normal  and  total  hemispherical  emittance  values  for  each  stainless  steel 
sample  at  all  test  temperatures  are  listed  in  Tables  XIX  through  XXVII  in  Section  VII. 

A  comparison  of  the  data  for  the  unroughened  sampios  is  shown  in  Figure  37.  A  similar 
comparison  for  the  roughened  samples  is  not  included  since  a  study  of  the  data  tabu¬ 
lated  in  Section  V13  indicates  that  roughening  of  the  samples  did  little  to  change  their 
total  or  spectral  absolute  emittance.  The  oxide  growth  was  by  far  the  dominant  influ¬ 
ence  causing  changes  in  absolute  properties. 

The  data  shown  in  Figure  37  are  the  initial  emittances  for  the  samples  which  were 
measured  diming  the  first  test -temperature  cycle.  Therefore,  these  properties  are 
representative  of  the  initial  oxide  films  before  they  changed  as  a  result  of  further 
oxidation  during  the  high  temperature  tests.  Total  hemispherical  results  for  the 
smooth,  electropoiished  sample  (1S-2)  are  in  good  agreement  with  those  reported 
by  Deitch  and  Plunkett  (43)  for  electropoiished  304  stainless  steel,  whereas  the  results 
for  sample  5S  are  representative  of  those  for  fully  oxidized  stainless  steel.  The 
absolute  accuracy  of  the  total  normal  emittance  results  for  all  the  samples  in  on  the 
same  order  as  ihai  reported  for  the  platinum  samples,  i.e. ,  ±5%. 

The  absolute  total  emittance  of  sample  2S,  whose  initial  gold-colored  oxide  film  was 
estimated  to  be  about  0. 015  p  thick,  was  found  to  be  just  slightly  higher  than  that  for 
the  unoxidized  sample.  Although  the  increase  in  absolute  emittance  is  small,  it  repre¬ 
sents  a  large  percentage  increase  (25%).  ( Approximately  the  same  change  in  total 
emittance  v/ss  observed  for  the  light-blue  oxide  film  that  formed  on  sample  1S-2  while 
it  was  tested  at  950°K  (see  Table  XIX. ) 

Total  emittance  values  for  sample  3S,  whose  initial  purple-colored  oxide  film  was 
estimated  to  be  about  0. 17  p  thick,  were  observed  to  be  significantly  higher  than  those 
tor  samples  1S-2  and  2S.  The  increase  of  emittance  with  temperature  was  also 
observed  to  be  significantly  more  positive,  indicating  a  relatively  higher  increase  in 
the  spectral  emittance  of  this  film  at  the  short  wavelengths  (i.  e. ,  \  <  4  p)  than  at 
the  longer  wavelengths.  This  char*-  eristic  was  confirmed  by  the  spectral  normal 
emittance  data  which  are  presented  in  the  following  section.  Further  large  increases 
in  total  emittance  were  observed  for  samples  4S  and  5S  whose  initial  oxide  films  were 
estimated  to  be  0. 95  and  1. 4  p  thick,  respectively.  The  emittance  of  the  latter  sam¬ 
ple  is  close  to  that  for  fully  oxidized  stainless  steel  indicating  that  a  film  thickness  of 
approximately  1. 5  p  constitutes  an  opaque  film.  No  further  increase  in  emittance  at 
these  temperatures  would  be  expected  for  films  thicker  than  about  1. 5  p,  except  as 
might  occur  because  of  changes  in  the  chemical  composition  of  thicker  films.  Interpre¬ 
tations  of  these  observations  must  take  into  consideration  the  fact  that  the  quoted  film 
thicknesses  are  based  on  weight-gain  data  which  provide  a  crude  averaging  of  actual 
film  thicknesses.  Point  to  point  variations  on  the  oxide  films  must  be  considered  if 
these  results  are  to  be  used  for  direct  comparison  to  theoretical  predictions. 

Figure  37  also  shows  the  total  normal  emittance  of  the  more  heavily  oxidized  samples 
to  be  higher  than  the  total  hemispherical  emittance.  This  characteristic  is  expected 
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Oxide  Film 

Sample  e(T)  e(GM  ,T)  Thickness 


Total  Normal  Emittance  of  304  Stainless  Steel  Samples 


as  the  film  thickness  becomes  sufficient  to  provide  an  opaque,  nonconducting  surface. 
e(T)/e(0N ,  T)  ratios  obtained  from  the  directly  measured  values  of  e(T)  and 
e(0jj ,  T)  are  from  5  to  10%  lower  than  the  same  ratios  obtained  by  integration  of  the 
relative  total  directional  emittance  data.  Similar  differences  were  reported  earlier 
for  the  platinum  samples  and  are  consistent  with  the  estimated  measurement  errors 
for  these  tests. 

The  change  in  emittance  caused  by  progressive  oxidation  during  the  measurements 
was  evaluated  by  remeasuring  e(T)  and  ,  T)  after  the  high  temperature  direc¬ 

tional  emittance  tests  were  completed.  A  summary  of  the  results  obtained  by  this 
procedure  is  presented  in  Table  XI,  where  the  initial  and  final  total  omittances  at 
T  =  535°K  and  T  =  950*K  for  each  sample  are  compared.  The  data  for  sample  1S-3 
are  not  included  as  the  primary  reason  for  testing  this  sample  was  to  obtain  the  emit¬ 
tance  characteristics  of  the  unoxidized  surface;  therefore  its  emittance  was  not  re¬ 
measured  after  oxidation  at  1090" K.  The  tabulated  data  clearly  show  that  the  normal 
and  hemispherical  emittance  of  samples  with  oxide  films  less  than  1  p  thick  were 
significantly  affected  by  the  relatively  small  changes  in  oxide  film  thickness. 


Table  XI.  Change  in  Total  Emittance  Due  to  Oxidation  During  Emittance  Tests 
of  Stainless  Steel  Samples 


Color  Change 
of  Oxide  Film 

T  = 

535°K 

T  = 

950®K 

Sample  No. 

e(T) 

e(0N.T) 

e(T) 

e(«N .  T) 

1S-2  (Initial) 

Bright  metal  to 

0. 151 

0. 118 

0.206 

0. 187 

1S-2  (Final) 

light  blue 

0.149 

0. 125 

0.225 

0. 226 

2S  (Initial) 

2S  (Final)\a) 

Gold  to 

0. 152 

0. 130 

0. 222 

0.216 

silvery-gray 

0. 192 

0.153 

0.345 

0.306 

3S  (Initial) 

3S  (Final)W 

Purple  to 

0.272 

0. 261 

0.517 

0.564 

bright  metal 

— 

— 

— 

4S  (Initial) 

Dull  gray, 

0.554 

0.580 

0.648 

0.725 

4S  (Final) 

no  change 

0.586 

0.  599 

0.691 

0.  769 

5S  (Initial) 

Dark  brownish  gray, 

0.735 

0.813 

0.826 

0.928 

5S  (Final) 

no  change 

0.764 

0.841 

0.828 

0.938 

1R  (Initial) 

Bright  metal  to 

0. 153 

0.127 

0.212 

0.193 

1R  (.'  .-1) 

reddish-gold 

0. 155 

0.130 

0.223 

0.212 

3R  (Initial) 

Purple  to 

0.259 

0.249 

0.439 

0.490 

3R  (Final) 

blue-gray 

0.263 

0. 276 

0.477 

0.543 

5R  (Initial) 

Dark  gray. 

0.755 

0.799 

0.836 

0.899 

5R  (Final) 

. .  .  .__J 

no  change 

0.757 

0. 799 

0.838 

0.901 

(a)  Maximum  test  temperature  for  sample  2S  was  1090°K. 

(b)  Final  emittance  values  for  sample  3S  not  determined  because  oxide  film 
disappeared  during  1090°K  tests. 
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(2)  Spectral  Normal  Emittance 

Spectral  normal  emittance  data  for  each  stainless  steel  sample  at  each  test  tempera¬ 
ture  above  800°K  are  listed  in  Tables  XIX  through  XXVII  in  Section  VII.  Spectral 
emittance  determinations  were  not  possible  at  the  two  lower  test  temperatures  because 
of  inadequate  energy  at  the  detector.  This  same  difficulty  existed  for  the  higher  tem¬ 
perature  tests  at  wavelengths  below  3  p,  where  the  measurement  uncertainty  approaches 
±10%.  A  comparison  of  the  spectral  emittance  data  from  the  five  smooth  (substrate) 
samples  is  shown  in  Figures  38  and  39  to  illustrate  the  effect  of  oxide  film  thickness 
on  spectral  emittance.  The  data  shown  in  Figure  38  were  determined  from  room 
temperature  spectral  normal  reilectance  measurements,  using  1-in.  -diameter  disk 
samples  that  were  oxidized  along  with  the  emittance-test  samples.  Figure  39  presents 
the  initial  emittance  data  obtained  at  810°K,  which  is  most  representative  of  the  initial 
oxide  films  on  these  samples.  Data  for  the  roughened  (substrate)  samples  were  com¬ 
parable  to  that  shown  in  Figures.  38  and  39,  thereby  indicating  that  roughening  intro¬ 
duced  no  significant  changes  in  the  spectral  properties  of  these  samples. 

A  comparison  of  the  results  in  Figures  38  and  39  shows  that  the  spectral  emittance 
characteristics  determined  fro  n  room  temperature  reflectance  measurements  agree 
closely  with  the  directly  measured  emittance  characteristics  for  the  three  samples 
with  thin  oxide  films.  This  indicates  that  the  effect  of  temperature  on  the  spectral 
emittance  of  samples  of  this  tjpe  is  small.  However,  significant  differences  between 
the  room  temperature  and  debated  temperature  data  are  apparent  for  the  samples  with 
the  thicker  oxide  films.  It  is  improbable  that  these  differences  are  due  entirely  to 
thermal  changes  in  the  radiant  properties  of  the  coating  material.  While  such  effects 
are  expected  to  cause  band  broadening  in  the  emission  spectrum,  their  influence  would 
not  be  as  dominant  as  that  indicated  in  Figure  39.  It  is  more  probable  that  the  observed 
differences  were  caused  by  changes  in  surface  morphology  during  the  elevated  tem¬ 
perature  exposures.  Such  changes,  as  shown  by  the  surface  micrographs  presented 
earlier,  were  considerable  end  undoubtedly  resulted  in  films  of  different  average 
thickness  and  geometry  than  those  present  on  the  room  temperature  disk  samples. 

Such  changes  would  result  in  significant  differences  in  the  emittance  characteristics 
of  the  sample  and  would  be  most  apparent  for  the  thick  oxide  films  since  their  initial 
condition  was  more  heterogeneous  than  the  oxides  on  samples  1S-2,  2S,  and  3S. 

Figure  40  shows  the  inHuer.ee  of  film  thickness  on  spectral  normal  emittance  at  specific 
wavelengths.  Since  only  five  separate  thicknesses  were  investigated,  the  data  are 
somewhat  incomplete.  For  this  reason,  no  attempt  was  made  to  extrapolate  smoothly 
between  data  points.  The  emittance  at  shorter  wavelengths  was  strongly  influenced  by 
very  thin  oxide  layers  while  at  longer  wavelengths  a  considerably  thicker  layer  was  ♦ 

required  for  a  high  emittance.  No  direct  comparison  of  these  results  with  those  pre  - 
dieted  from  scattering  theories  is  possible  due  to  the  complex  geometrical  nature  of 
the  oxide  layers;  however,  it  is  apparent  that  the  trend  is  in  agreement  with  predictions 
where  uniform  dielectric  films  are  assumed. 

Increases  in  the  spectra.',  normal  emittance  of  the  samples  also  occurred  as  a  result 
of  oxidation  during  the  directional  emittance  tests.  The  changes  observed  are 
presented  for  each  sample  individually  in  Section  VII  and  compare  favorably  in 
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Steel  Samples  at  3tO‘  K 


Figure  39  Spectral  Normal  Emittance  of  304  Stainless  Steel  Samples 


magnitude  with  those  given  in  Table  XI  for  the  total  properties.  In  view  of  the  continual 
growth  of  the  oxide  film  during  testing,  it  is  necessary  to  carefully  consider  the 
sample  thermal  histories  presented  in  Section  VO  during  interpretation  of  the  absolute 
properties  obtained  from  the  test  specimens. 

(3)  Re’  Total  Directional  Emittance 

The  repave  total  directional  emittance  of  each  stainless  steel  sample  is  presented  in 
graphical  form  in  subsections  VH.  6  through  VII.  14.  Interpretation  of  the  results 
should  consider  that  all  of  the  stainless  steel  samples,  except  for  1S-3,  experienced 
further  oxidation  during  measurements  at  950°K  and  higher.  A&  a  result,  significant 
changes  occurred  in  the  initial  emittance  characteristics  of  the  unoxidized  and  lightly 
oxidized  test  samples.  These  changes  were  determined  at  the  conclusion  of  the  high 
temperature  measurements.  Examples  of  the  effect  of  this  additional  oxidation  on  the 
relative  total  directional  emittance  characteristics  are  shown  in  Section  Vn  by 
Figure  80  for  sample  2S,  by  Figure  118  for  sample  1R,  and  by  Figure  138  for 
sample  1S-3. 

The  relative  total  directional  emittance  data  obtained  at  the  three  lowest  test  tempera- 
tui-j  (535,  670,  and  81C°K),  are  believed  to  be  representative  of  the  initial  surface 
condition  for  each  sample.  This  is  also  true  for  most  of  the  950°K  data  since  it  was 
taken  within  15  to  30  min  after  this  temperature  was  attained.  However,  the  1090°K 
data  obtained  on  samples  1S-3,  2S,  and  3S  were  affected  by  oxidation  during  the  950°K 
tests.  After  loss  of  the  oxide  from  sample  3S  during  its  3090'T  tests,  no  further 
testing  at  this  temperature  was  attempted  except  with  sample  1S-3  in  the  special, 
hydrogen-purged  atmosphere.  Figure  97  in  Section  VII  shows  the  effect  of  the  oxide 
loss  from  sample  3S  on  its  relative  total  directional  emittance  at  109C°K. 

The  effect  of  temperature  on  the  relative  total  directional  emittance  parameters: 
pmax»  e(0)max  •  and  e(T)/€(0jj*T)  for  each  of  the  stainless  steel  samples  is  illus¬ 
trated  by  the  data  in  Tables  XII  and  XIII.  The  data  for  samples  1S-2  and  1S-3  in  these 
tables,  and  in  subsections  VII.6  and  VII.  14,  show  that  increasing  temperature  has  the 
following  effects  on  the  relative  total  directional  emittance  characteristics  of  electro- 
polished,  unoxidized  stainless  steel: 

•  ^max  shifts  slightly  (1  to  2  deg)  toward  the  normal  as  the  temperature  is 
increased  from  535"K  to  950°K.  A  further  shift  of  another  2  deg  at  10903K 
is  indicated  by  the  data  for  sample  1S-3;  however,  this  shift  is  probably  due 
to  the  surface  oxidation  that  occurred  at  this  temperature. 

•  cWmax  and  the  e(T)/e(0N>T)  ratio  drops  significantly  with  each  increase 
ip  temperature. 

These  characteristics  are  consistent  with  the  spectral  directional  results  presented 
in  the  next  subsection  and  are  attributable  to  changes  in  the  spectral  energy  content 
with  temperature.  The  spectral  properties  are  only  a  weak  function  of  temperature, 
as  shown  in  the  next  section. 


Table  xm.  Effect  of  Temperature  on  e(T)/e(0jq .  T)  Ratios 
for  Stainless  Steel  Samples 


Sample 

No. 

Temperature  (°K) 

535 

670 

810 

950<a) 

1090<a) 

1S-2 

1.202 

1.163 

1.145 

1.109 

- 

IS -3 

1.199 

1.159 

1.140 

1.125 

1.099 

2S 

1.206 

1.167 

1.143 

1.126 

1.050 

3S 

1.027 

1.002 

0.965 

0.947 

0.940 

4S 

0.980 

0.970 

0. 960 

0.847 

- 

5S 

0.947 

0.947 

0.947 

0.947 

- 

1R 

1.177 

1.151 

1.139 

1.127 

- 

3R 

1.035 

0.995 

0.978 

0.965 

- 

5R 

0.958 

0.958 

_ 

0.958 

.  ■  ■ 

0.958 

- 

(a)  See  discussion  in  text  on  instability  of  sample  surfaces  at  these 
temperatures. 


The  effect  of  increasing  film  thickness  on  the  directional  emittance  characteristics 
above  are  apparent  by  comparison  of  the  data  at  each  temperature  in  Tables  XII  and 
Xin.  A  graphical  comparison  of  the  data  for  two  different  temperatures  is  presented 
on  Figures  41  and  42,  These  figures  show  that  abrupt  changes  in  the  directional 
properties  occur  as  the  film  thickness  increases  from  0. 015  to  0. 17  p.  The  data  for 
sample  2S,  whose  initial  gold-colored  oxide  film  was  estimated  to  be  approximately 
0. 015  p  thick,  indicates  that  this  thin  film  had  very  little  effect  on  the  relative  total 
directional  emittance  of  stainless  steel  at  535°K  but  produced  a  noticeable  effect  at 
950’K. 

The  data  for  samples  3S  and  3R,  whose  initial  purple-colored  oxide  films  were 
estimated  to  be  approximately  0. 17  p  thick,  show  that  this  film  thickness  is  sufficient 
to  produce  directional  properties  that  are  characteristic  of  a  dielectric  at  high  tem¬ 
peratures  (950°K).  For  this  same  thickness,  the  directional  emittance  characteristics 
at  low  temperatures  (longer  wavelengths)  are  intermediate  to  those  for  unoxidized  and 
heavily  oxidized  stainless  tteel  at  the  lower  temperatures.  Similar  characteristics 
were  observed  for  sample  4S,  whose  initial  dull  gray-colored  oxide  film  was  estimated 
tc  be  approximately  0. 95  p  thick. 

The  data  for  samples  5S  and  5R  indicate  no  temperature  dependence  for  the  relative 
total  directional  emittance  characteristics  of  the  opaque,  or  nearly  opaque,  oxide 
film  that  covered  these  sample  surfaces.  This  behavior  is  verified  by  the  spectral 
directional  emittance  of  these  samples  where  only  minor  changes  in  properties  were 
obtained  as  a  function  of  temperature  and  waveiengtn. 
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Thickness  (jx) 


igure  41  Effect  of  Oxide  Thickness  on  the  Relative  Total  Directional  Emittance  of  304  Stainless  Steel  at  5?.5°K 


Thickness  on  the  Relative  Total  Directional  Emittance  of  304  Stainless  Steel  at  950° K 
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(4)  Relative  Spectral  Directional  Emittance 

Relative  spectral  directional  emittance  data  for  each  of  the  st&;.iless  steel  samples  are 
presented  in  subsections  VTI.  6  through  VII.  14.  The  data  show  angular  distributions  for 
the  parallel  and  perpendicular  components  of  radiation  emitted  at  wavelengths  of  1.  5, 

2,  3,  4,  6,  and  8  ft.  The  lowest  temperature  at  which  data  were  obtained  was  810°K, 
because  of  energy  limitations.  The  highest  temperature  for  which  reasonably  stable 
emittance  data  were  obtained  was  950°K.  Even  at  950°K  the  relative  spectral  direc¬ 
tional  emittance  of  the  unoxidized  and  lightly  oxidized  samples  (1S-2,  2S,  and  1R)  was 
significantly  affected  by  the  surface  oxidation  that  occurred  as  the  measurements  were 
made.  The  surface  of  sample  1S-3,  which  was  tested  in  the  hydrogen-purged  atmos¬ 
phere,  appeared  to  remain  stable  (i.  e. ,  unoxidized)  throughout  the  9506K  tests,  but 
the;,  oxidized  when  measurements  were  attempted  at  1090°K.  Because  of  these  prob¬ 
lems,  only  a  limited  amount  of  data  were  obtained  to  show  the  effect  of  temperature 
on  the  relative  spectral  directional  emittance  characteristics  of  the  surfaces. 

On  the  basis  of  the  data  obtained  from  sample  1S-3  (subsection  VH.  14)  it  is  concluded 
that  the  relative  spectral  directional  emittance  characteristics  of  smooth,  unoxidized 
stainless  steel  are  essentia,  independent  of  temperature  between  810  and  950',K.  It 
is  further  concluded  that  the  cifferences  in  the  directional  emittance  characteristics 
of  samples  1S-2,  2S,  and  1R  at  these  two  temperatures  are  due  to  surface  oxidation 
that  occurred  at  950°K.  Similarly,  on  the  basis  of  the  data  obtained  from  samples  3S, 
4S,  5S.  3R,  and  5R,  it  is  concluded  that  the  directional  emittance  characteristics  of 
the  oxide  films  are  essentially  independent  of  temperature  between  810  and  950°K.  The 
assumption  of  temperatur  e  independence  of  the  directional  emillance  characteristics  of 
each  sample  has  been  used  to  obtain  the  810CK  spectral  hemispherical -to-normal  emit¬ 
tance  ratios  for  most  of  the  samples,  since  the  perpendicular  component  at  this  tem¬ 
perature  was  usually  too  weak  to  be  measured.  This  was  done  by  combining  the  950°K 
directional  characteristics  for  the  perpendicular  polarized  component  with  the  810’K 
directional  emittance  data  for  the  parallel  polarized  component.  The  ratio  of  spectral 
hemispherical-to-normal  emittance  was  computed  by  integration  of  these  combined 
properties. 

Variations  in  the  spectral  directional  emittance  characteristics  of  the  unoxidized  and 
heavily  oxidized  stainless  steel  surfaces  with  wavelength  are  shown  in  Figures  43  and 
44,  respectively.  For  the  unoxidized  stainless  steel  surface,  the  variations  with  wave¬ 
length  arr-  those  expected  for  a  pure  metal.  A  summary  of  the  results  indicates  that: 

•  The  relative  spectral  directional  emittance  of  the  perpendicular  polarized 
component  is  essentially  -...dependent  of  wavelength. 

•  The  value  of  0max  for  the  parallel  polarized  component  shifts  toward  larger 
angles  with  ncreasing  wavelength,  and  ^(0)max  values  increase 
correspondingly. 

•  Spectral  hemispherical-to-normal  emittance  ratios  increase  with  wavelength. 


igure  44  shows  the  relative  spectral  directional  emitiance  characteristics 


heavily  oxidized  surface  of  sample  5S.  The  figure  shows  the  drastic  modification 
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Change  in  Relative  Spectral  Directional  Emittance  of  Unoxidized  304  Stainless  Steel  With 
Wavelength  (Sample  1S-3  at  950°K) 


Change  in  Relative  Spectral  Directional  Emittance  of  Oxidized  304  Stainless 
Wavelength  (Sample  5S  at  950°K) 


caused  by  the  oxide  layer.  The  relative  directional  emittance  ratios  fo*’  the  parallel 
polarized  component  increase  only  slightly  with  wavelength  in  the  region  between 
0  =  20  and  0  =  85  dog .  Corresponding  ratios  for  the  perpendicular  component 
undergo  a  slight  decrease  resulting  in  constancy  with  wavelength  for  the  sum  of  the 
polarized  components.  These  deviations  are  consistent  with  the  total  directional 
characteristics  reported  in  subsection  V.  2.  b.  (3). 

The  effect  oi-  increasing  film  thickness  on  the  distribution  of  energy  about  the  normal 
is  demonstrated  in  Figures  45,  46,  and  47,  for  wavelengths  ot  2  and  6  p.  At  2  p  the 
energy  content  in  the  parallel  component  is  drastically  reduced  by  a  film  of  0. 17  p 
thickness.  The  0. 015  p  film  caused  very  little  change  in  spatial  distribution.  At  6  p 
the  effect  of  increasing  film  thickness  is  also  to  reduce  the  relative  energy  in  the 
parallel  component,  although  the  change  occurs  more  gradually  from  sample  to  sam¬ 
ple  than  at  the  shorter  wavelength.  For  the  perpendicular  component,  the  relative 
energy  at  off 'normal  angles  gradually  increases  at  both  2  and  6p,  but  the  distribution 
for  this  component  does  not  become  as  Lambertian  as  for  the  parallel  component  at 
comparable  wavelengths  and  temperatures.  This  trend  in  directional  properties  with 
increasing  film  thickness  is  consistent  with  that  predicted  from  consideration  of  the 
optical  properties  of  metals  ano  lielectrics.  At  short  wavelengths  it  is  expected  that 
a  film  of  given  thickness  will  be  more  opaque  than  at  longer  wavelengths.  That  is,  the 
effect  of  films  having  like  values  of  thickness-to-wavelength  ratios,  (d/x) ,  will  be 
comparable. 

Computations  were  performed  using  the  Fresnel  equations  to  establish  the  directional 
emittance  of  an  opaque  film  with  n  =  1. 3  and  k  =  0. 4  .  The  resulting  curves  for 
directional  distribution  of  the  parallel  and  perpendicular  component  compare  well  with 
those  in  Figures  45  and  47  for  the  1.40-p  film  thickness.  These  results  verify  the 
measurements;  however,  the  comparison  was  made  only  to  verify  the  assumption  of 
opacity  of  the  film.  The  values  of  n  and  k  used  in  the  computation  were  se>et.'’d 
on  the  basis  of  the  measured  normal  emittance  of  the  sample  since  published  da ta  !or 
the  optical  constants  of  ^egO^  could  not  be  found. 

It  should  be  noted  that  the  difference  between  the  relative  directional  emittance  proper¬ 
ties  of  samples  1S-3  and  2S,  on  Figure  46,  is  due  to  the  additional  oxidation  of  sample 2S 
at  the  950°K  test  temperature.  For  this  reason,  the  initial  film  thickness  value  shown 
for  this  sample  is  questionable  and  is  so  designated  cn  the  figure.  Similar  designations 
are  used  in  Figure  47;  however,  the  effect  of  the  change  in  film  thickness  on  the  rela¬ 
tive  directional  characteristics  of  the  perpendicular  polarized  component  for  each  sam¬ 
ple  was  quite  small. 


figure  45  Effect  of  Oxide  Thickness  on  the  Parallel  Polarized  Component  of  Relative  Spectral 
Directional  Emittance  of  Stainless  Steel  at  X  =  2  n 


set  of  Oxide  Thickness  on  the  Parallel  Polarized  Component  of 
ectional  Emittance  of  Stainless  Steel  at  A  -  6  u 


e  47  Effect  of  Oxide  Thickness  on  the  Perpendicular  Polarized  Component  of  Relative  Spectral  Directional 
Emittance  of  Stainless  Steel  at  \  ■  2  ju  and  X  =  6  /t 


Section  VI 
SUMMARY 


The  analytical  and  experimental  work  completed  during  this  program  had  as  its  primary 
objective  a  clarification  of  the  effects  of  surface  condition  on  the  emittance  of  metallic 
surfaces.  This  objective  was  accomplished  with  varying  degrees  of  success. 

The  effect  cf  surface  roughness  on  emittance  was  clarified  to  a  large  extent  by  the  data 
obtained  on  the  carefully  prepared  platinum  samples.  The  stability  of  these  samples 
proved  to  be  a  considerable  asset  to  the  program.  Such  was  not  the  case  with  the 
oxidized  stainless  steel  samples  which  tended  to  continuously  oxidize  during  the  emit¬ 
tance  measurements  and  resulted  in  doubt  that  the  sample  examinations  were  truly 
indicative  of  the  surface  conditions  existent  during  the  test.  Furthermore,  the  diffi¬ 
culties  experience  in  obtaining  meaningful  data  on  film  thickness  for  the  oxidized 
specimens  resulted  in  a  less  than  adequate  specification  of  surface  condition  for  the 
majority  of  these  samples.  However,  the  results  obtained  from  both  sets  of  samples 
are  sufficient  to  demonstrate  that  the  effects  of  oxide  films  are  far  more  of  an  influence 
on  emittance  than  are  the  effects  of  surface  roughness. 

Previously  published  works  on  the  total  and  spectral  reflectance  of  roughened  room 
temperature  samples,  and  on  the  bidirectional  reflectance  of  similar  samples  have 
shown  significant  decreases  in  reflectance  for  only  slight  increases  in  roughness. 

Such  results  infer  that  the  emittance  of  these  surfaces  would  be  similarly  increased. 
However,  the  results  obtained  on  the  platinum  samples  used  in  this  program  demon¬ 
strate  conclusively  that  roughness  alone,  for  <7m  up  to  2.4  will  not  cause  large 
increases  in  spectral  or  total  emittance.  For  roughness  in  this  range,  the  increase 
in  emittance  over  that  of  the  smooth  sample  was  on  the  order  of  10%.  This  small 
increase  can  often  be  neglected  for  the  purpose  of  heat  transfer  computations.  How¬ 
ever,  these  computations  should  not  neglect  the  more  significant  influences  of  wave¬ 
length  and  temperature  on  the  spectral  and  total  emittance.  The  simple  relations 
presented  in  Section  n  provide  working  formulae  that  account  for  these  stronger 
influences. 

While  slight  surface  roughness  has  a  limited  influence  on  the  hemispherical  and  normal 
emittance,  its  effect  on  the  distribution  and  polarization  of  energy  about  the  normal 
is  considerable.  The  maximum  parallel  component  of  emittance  is  reduced  consider¬ 
ably  as  roughness  is  increased.  This  change  is  accompanied  by  an  increase  of  energy 
in  the  perpendicular  component  at  less  grazing  angles  of  incidence.  While  this  redis¬ 
tribution  of  polarized  energy  is  readily  discernible,  its  influence  on  the  ratio  of 
hemispherical-to-normal  emittance  is  relatively  minor.  The  overall  effect  is  to  shift 
energy  toward  the  normal  and  increase  the  ratio  by  approximately  7%.  The  fact  that 
an  increase  of  hemispherieal-to-normal  emittance  occurs  is  easily  explained  by 
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consideration  of  the  geometry  involved.  For  a  slightly  rough  surface,  the  tilted  planes 
are,  on  the  average,  at  a  greater  angle  to  the  off  normal  viewer  than  for  the  smooth 
surface.  Therefore,  as  the  viewing  angle  is  increased  to  large  values,  a  portion  of 
the  viewed  surface  lies  at  grazing  incidence  where  the  maximum  emittance  occurs. 
Other  effects  including  depolarization  and  multiple  reflections  are  also  present;  how¬ 
ever  ,  it  is  reasonable  to  presume  that  the  overall  effect  will  be  an  increase  in  the 
hemispherical-to-uormal  emittance  ratio  for  the  gently  sloped  surfaces  examined 
during  this  study. 

The  correlation  between  am/X  and  the  maximum  of  the  parallel  component  of  emittance 
was  the  only  correlation  found  between  surface  roughness  and  emittance.  This  is  not 
surprising  in  view  of  the  complex  nature  of  the  emission  phenomena.  Considerably 
more  theoretical  work  must  be  accomplished  to  establish  the  guidelines  required  for 
even  semi-empirical  predictions  of  emittance  for  roughened  surfaces.  The  results  of 
such  work  would  be  of  considerable  assistance  in  correlating  the  significant  amount  of 
data  presented  herein.  The  major  parameters  used  to  describe  the  reiiectance  dis¬ 
tribution  of  a  roughened  surface  (i.e. ,  am/X,  slope,  0)  are  equally  important  for  de¬ 
scribing  the  emittance  distribution.  However,  the  functional  dependence  of  emittance 
is  more  complex  due  to  other  effects.  This  dependence  was  not  clarified  during  the 
present  study  since  attempts  to  correlate  the  experimental  results  using  foe  parameters 
established  in  directional  reflectance  theory  were  generally  unsuccessful. 

It  is  well  known  that  thin  dielectric  films  on  metallic  substrates  cause  considerable 
alteration  of  the  emittance  characteristics.  The  changes  in  spectral  and  total  emittance 
will  depend  upon  foe  optical  properties  of  foe  oxide  and  substrate,  foe  film  thickness , 
uniformity,  and  scattering  when  the  oride  creates  this  latter  effect.  Theoretical  treat¬ 
ments  of  thin,  uniform,  films  have  established  relationships  that  are  adequate  for 
prescription  of  radiative  behavior  when  foe  required  optical  constant  data  are  available 
for  the  temperature  and  wavelengths  of  interest.  Unfortunately,  foe  films  created  by 
oxidati  <n  of  a  free  metal  surface  grow  preferentially  and  result  in  nonuniform,  non- 
homogeneous,  irregular  oxide  layers.  Under  these  conditions,  foe  analytical  treat¬ 
ments  serve  only  as  a  guide  for  prediction  of  trends.  Satisfactory  predictions  of  foe 
radiative  behavior  of  complex  films  appear  feasible  only  through  a  statistical  treatment 
wherein  point  by  point  variations  ir.  film  properties  are  accounted  for.  The  character¬ 
ization  techniques  required  for  such  a  specification  are  generally  available  and  were 
utilized  during  the  program;  however,  foe  effort  involved  in  completely  characterizing 
a  single  randomly  oxidized  surface  would  be  so  extensive  that  it  is  doubtful  that  the 
results  obtained  would  justify  the  expense. 

It  was  found  during  this  study  that  even  a  direct  measure  of  film  thickness  is  not 
straightforward.  Cross-sectioned  metallographic  mour  ts,  replication  techniques,  ana 
weight  gain  measurements  were  all  employed  and  yielded  different  results.  For  thin 
films  (i.e. ,  less  than  0.25  p)  on  foe  stainless  steel,  foe  replication  techniques  foiled 
to  give  satisfactory  samples  for  electron  microscope  examination.  In  this  range,  foe 
simple  method  of  visual  color  examination  was  as  reliable  as  any  of  foe  more  highly 
refined  procedures.  As  film  thickness  increased,  weight  gain  data  provided  predic¬ 
tions  of  film  thickness  that  were  judged  to  be  as  realistic  as  those  obtained  from 
metallographic  inspection  procedures.  These  findings  indicate  that  considerable  work 
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must  yetbe  done  to  refine  the  techniques  used  for  film  thickness  determinations. 
Equally  difficult  problems  exist  for  determination  of  the  chemical  composition  and 
physical  state  of  the  films. 

The  results  obtained  for  304  stainless  steel  showed  that  films  as  thin  as  0. 2  p  increase 
the  spectral  emittance  at  1.5  p  from  0.27  to  0,96.  Ac  longer  wavelengths  this  film  is 
less  important  and  results  in  only  a  slight  increase.  Thicker  films  increase  the  entire 
emission  spectrum  since  effects  of  the  substrate  are  masked  and  the  surface  properties 
are  those  of  a  dielectric.  For  the  stainless  steel  this  occurred  for  films  having  thick’ 
nesses  on  the  order  of  1. 4  fx.  Other  oxidized  metal  surfaces  are  likely  to  have  entirely 
different  characteristics  based  upon  their  optical  properties  and  film  morphology. 

hi  view  of  the  many  parameters  influencing  the  emittance  of  a  randomly  oxidized  sur¬ 
face,  and  the  difficulty  in  obtaining  detailed  descriptions  of  these  parameters,  direct 
measurement  of  radiative  properties  remains  as  the  only  practical  apDioach  to 
specification  of  their  thermal  radiation  characteristics. 
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Section  Vn 

EXPERIMENTAL  DATA 


Because  of  the  bulk  of  material,  and  for  ease  of  use  by  other  investigators,  all  the 
experimental  data  obtained  in  this  program  are  presented  separately  in  this  section. 
Data  for  each  of  the  14  samples  -  the  5  platinum  samples  and  the  9  stainless  steel 
samples  -  are  presented  in  individual  subsections.  Each  subsection  identifies  the 
sample  and  presents  a  summary  of  the  following  information: 

•  Sample  preparation  method 

•  Surface  roughness  or  oxide  film  characteristics,  before  and  after  the 
emittance  tests 

•  Test  procedure  and  thermal  history 

•  Index  to  emittance  data  tables  and  figures 

•  Supplementary  information  regarding  sample  emittance  stability,  changes 
in  sample  characteristics  during  the  emittance  tests,  and  results  of  diffrac¬ 
tion  and  spectrographic  analyses 

The  absolute  emittance  data  (i.  e. ,  total  hemispherical,  total  normal,  and  spectral 
normal  emittance  values)  are  presented  in  tabular  form,  in  the  order  in  which  they 
were  obtained,  and  the  time  duration  at  each  temperature  is  listed.  The  relatl^  total 
and  relative  spectral  directional  emittance  data  are  presented  in  graphic  form.  Rela¬ 
tive  total  directional  emittance  ratios  were  obtained  by  normalizing  directional  signal 
ratios  to  a  value  of  \  at  9  =  0  deg.  To  obtain  the  absolute  total  directional  emittance, 
the  relative  directional  emittance  ratio  must  be  multiplied  by  the  appropriate  total 
normal  emittance  that  is  tabulated  for  the  corresponding  temperature  and  time.  The 
relative  spectral  directional  emittance  ratios  are  presented  for  each  polarized  com¬ 
ponent  of  emitted  radiation,  and  were  obtained  by  normalizing  directional  signal  ratios 
for  each  component  to  a  value  of  0. 5  at  0  =  0  deg.  To  obtain  the  absolute  spectral 
directional  emittance,  the  relative  directional  emittance  ratio  of  each  polarized  com¬ 
ponent  must  be  added  and  multiplied  by  the  appropriate  absolute  spectral  normal 
emittance  value  at  the  corresponding  wavelength,  temperature,  and  time. 

All  relative  directional  emittance  measurements  were  made  with  the  aperture  slit  of 
the  apparatus  filled  by  the  sample  image  out  to  viewing  angles  of  ±88  deg  from  the  nor¬ 
mal.  Measurements  were  actually  made  out  to  90  deg  on  either  side  of  normal  in  order 
to  detect  possible  misalignment  of  the  sample  due  to  thermal  war  page-  For  all  but  a 
few  of  the  highest  temperature  test  runs,  sample  warpage  was  not  a  r  "minus  problem 
and  symmetry  of  directional  data  was  obtained  about  the  normal,  fit  cases  where 
sample  warpage  did  occur,  the  sample  edge  was  imaged  at  different  viewing  angles 
for  each  direction  of  rotation.  In  these  cases,  the  relative  emittance  ratios  at  the 


smaller  viewing  angles  (0  to  ?0  deg)  on  either  side  of  normal  were  matched  to  obain  a 
corrected  zero  setting,  and  the  omittance  ratios  for  the  side  viewed  out  to  the 
off-normal  angles  were  plotted.  In  no  case  did  the  correction  exceed  ±1.5  deg  from 
die  nominal  zero  setting  of  the  sample  angle-indication  meter.  The  correction  pro¬ 
cedures  used  for  warped  samples  and  the  calibrated  accuracy  of  the  angular  measure¬ 
ment  device  provided  an  overall  angular  measurement  accuracy  of  ±0. 5  deg. 

For  the  stainless  steel  samples,  thr*  data  obtained  at  the  highest  test  temperature  are 
generally  significantly  different  from  those  obtained  at  the  lower  temperatures.  This 
is  true  for  all  but  the  most  heavily  oxidized  samples  (5S  and  5R) .  These  differences 
are  primarily  the  result  of  surface  instability  during  the  measurements  (oxidation , 
except  for  sample  3S) ,  rather  than  actual  temperature  effects  on  the  emittance  proper¬ 
ties  of  the  surface .  The  data  are  included  to  illustrate  the  changes  that  can  be  expected 
during  measurements  of  Ae  type  reported. 


1.  PLATINUM  SAMPLE  NO.  lli 

Preparation:  None;  tested  as  received. 

RMS  Roughness:  Before  emittance  tests:  4.3  pin.  j.  to  roiling  direction;  <0.5  pin. 
jj  to  roiling  direction.  After  emittance  teste:  8  pin. ;  variable  centerline  (see  sub¬ 
section  V.  1.  a);  large  displacements  of  grain  surface  levels. 

Test  Procedure:  Before  testing,  the  sample  was  annealed  at  1365* K  for  6  hr  in  vacuum. 
Absolute  normal,  hemispherical,  and  relative  directional  emittance  data  were  then 
obtained  at  1370,  1226,  1093,  and  863* K  (first  .‘.emperaiure  cycle).  Absolute  and  rela¬ 
tive  directional  emittance  data  we.e  next  obtained  a.  1644*K  (second  temperature  cycle) , 
and  several  additional  tests  were  made  to  correct  tl?  total  normal  emittance  measure¬ 
ment  procedure.  Absolute  emittance  vuiu«s  were  then  remeasured  at  all  test  tempera¬ 
tures  to  check  the  stability  of  the  sample.  Test  chamber  pressures  were  maintained 
between  2  and  1C  x  10""^  Torr  throughout  all  tests. 

Emittance  Data.  Absolute  emittance  values  are  shown  in  Table  XIV;  relative  total 
directional  emittarce  data  in  Figure  48;  relative  spectral  directional  emittance  data 
at  X  =  1. 5,  2,  3.  4 ,  6,  and  8  p  in  Figures  49  through  54. 

Remarks:  After  the  6 -hr  anneal  at  .365* K,  the  emittance  of  the  sample  appeared  to  be 
stable.  Total  normal  emittance  values  for  the  first  five  test  temperatures,  however, 
were  erratic  and  inconsistent;  therefore,  several  tests  to  check  the  measuring  appara¬ 
tus  were  made  after  the  1644° K  tests.  (See  discussion  of  results  in  subsection  V.  l.b.) 
The  trouble  was  eventually  traced  to  nonuniform  irradiation  cf  the  total  detector  eie 
ment  due  to  too  narrow  a  setting  of  the  aperture  slit-width.  To  correct  the  problem, 
the  aperture  slit-width  was  reopened  to  0. 015  in.  and  a  1/4-in.  horizontal  aperture 
plate  was  attached  to  the  front  of  the  vertical  aperture  slit.  This  arrangement  was 
used  for  the  emittarce  determination  during  the  third  temperature  cycle  and  for  all 
the  total  emittance  determinations  for  the  remaining  platinum  and  stainless  steel 
samples. 

Photomicrographs  of  the  sample  surface  before  and  after  the  emittance  tests  are  shown 
in  Figure  13.  Surface  interference  micrographs  and  a  taper-section  photomicrograph 
of  the  sample  are  shown  in  Figures  16  and  17,  respectively.  Changes  in  the  surface 
character. Jtics  as  a  result  of  the  high-temperature  emittance  tests  are  discussed  in 
subsection  V.  1.  Most  of  the  observed  changes  are  believed  to  have  occurred  during 
the  pretest  anneal  treatment. 

An  x-ray  diffraction  pattern  of  the  sample,  taken  after  the  emittance  tests,  was  identi¬ 
cal  to  the  pattern  for  the  as-received  platinum  -  Both  patterns  indicated  a  strong  pre¬ 
ferred  orientation  of  the  surface  lattice  structure  which  was  unaffected  by  the  high- 
temperature  test.  Diffraction  data  are  presented  in  Table  V. 

No  evidence  of  sample  impurities  or  surface  contamination  was  detected  by  the 
spectrographic  analysis  made  after  the  emittance  tests. 
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Determined  from  optical  pyrometer  readings. 

Directional  emitta,  <j  data  obtained  at  these  temperatures. 
Erroneous  data;  see  Remarks. 


Relative  Total  Directional  Emittanca,  Platinum  Sample  No.  IB 


0  (deg) 

Figure  49  Relative  Spectral  Directional  Emittance  at  A  =  1. 5  (i,  Platinum  Sample  No.  IB 


e  50  Relative  Spectral  Directional  Emlttance  at  X  =  2  ja,  Platinum  Sample  No.  IB 


Relative  Spectral  Directional  Emittance  at  \  =  4  p,  Platinum 


e  53  Relative  Spectral  Directional  Emlttance  at  X  =  6  Platinum  Sample  No.  IB 


Relative  Spectral  Directional  Emittance  at  \  =  8  ju,  Platinum  Sample  No.  IB 


2.  PLATINUM  SAMPLE  NO.  3B 

Preparation:  Lightly  shot  blasted  with  size  XL  "Glas-Shot*',  pressure,  10  psi; 
distance,  12  in. ,  normal  to  surface. 

RMS  Roughness:  Before  emittance  tests,  28  pin.;  after,  27  uin. 

Test  Procedure:  Before  testing,  the  sample  was  annealed  at  1640°K  for  15  rain  in 
vacuum.  Absolute  emittance  values  were  then  determined  at  867 ,  1088,  1231,  1367, 
and  1642* K,  and  relative  directional  emittance  data  were  obtained  at  1642* K  (first 
temperature  cycle) .  Absolute  emittance  values  were  redetermined  at  all  tempera¬ 
tures  to  check  the  stability  of  the  sample ,  and  the  relative  directional  emittance  data 
at  864,  1093,  and  1360° K  were  obtained  (second  temperature  cycle).  The  test  chamber 
pressure  was  maintained  between  5  and  10  x  10“®  Torr  throughout  all  tests. 

Emittance  Data:  Absolute  emittance  values  are  snown  in  Table  XV;  relative  total 
directional  emittance  data  in  Figure  55;  relative  spectral  directional  emittance  data 
at  X  =  1.5,  2,  3,  4,  6,  and  8  p  in  Figures  56  through  61. 

Remarks:  During  the  1642° K  directional  emittance  tests,  the  sample  was  discovered 
to  have  a  slight  twist  which  noticeably  affected  the  directional  emittance  i>.ta.  (See 
data  for  X  =  1.5  p  in  Figure  56.)  The  twist  was  removed  by  increasing  the  tension 
on  the  sample ,  and  the  directional  emittance  data  were  remeasured  at  all  wavelengths 
except  1.5  p.  A  post-test  examination  showed  that  the  sample  had  stretched  slightly 
at  the  center,  presumably  when  the  tension  was  increased. 

Total  hemispherical  emittance  values  during  the  second  test  temperature  cycle  were 
redetermined  using  the  stretched-sample  dimensions  but  were  still  found  to  be  about 
6%  lower  than  the  values  obtained  during  the  first  temperature  eyrie.  A  similar  drop 
in  the  total  and  spectral  normal  emittance  values  was  noted.  The  latter  determina¬ 
tions  are  independent  of  the  change  in  sample  size;  therefore,  the  lower  absolute 
emittance  values  are  due  to  either  a  real  change  in  the  sample  emittance  character¬ 
istics  or  to  a  systematic  error  during  the  second  test  temperature  cycle.  The  second 
explanation  is  believed  to  be  the  most  likely,  since  no  significant  change  in  the  rms 
roughness  of  the  sample  was  indicated  by  the  post -test  examinations . 

Photomicrographs  of  the  sample  surface  before  and  after  the  emittance  tests  are 
shown  in  Figure  13,  and  the  changes  in  surface  characteristics  are  discussed  in  sub¬ 
section  V.  l.a.  The  x-ray  diffraction  and  arc-spectrographic  results  were  the  same 
as  for  platinum  sample  IB. 
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Table  XV.  Absolute  Emittance  Data  for  Plantinum  Sample  No.  3B 
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Relative  Total  Directional  Emittance,  Platinum  Sample  No.  3B 


Relative  Spectral  Directional  Emittance  at  X  =  1. 5  n.  Platinum  Sample  No.  3B 


Relative  Spectral  Directional  Emittance  at  A  ~  2  (i,  Platinum  Sample  No.  3B 


Relative  Spectral  Directional  Emlttance  at  X  =  3  Platinum  Sample  No 


Relative  Spectral  Directional  F.mlttance  at  X  -  6  Platinum  Sample  No.  3B 


Relative  3t«sotral  Directional  Emittance  at  X  -  »  u,  Platinum  Sample  No.  3B 


3,  PLATINUM  SAMPLE  NO.  4B 


Preparation:  Shot  blasted  with  size  XL  "Glas-Shot";  pressure,  20  psi;  distance, 

6  in. ,  normal  to  surface. 

RMS  Roughness:  Before  emittance  tests,  49  pin.;  after,  43  pin. 

Test  Procedure:  Before  testing,  the  sample  was  annealed  at  1640* K  for  20  min  in 
vacuum.  Absolute  emittance  values  were  then  determined  at  868,  1088,  1224,  1366, 
and  1644°K,  and  relative  directional  emittance  data  were  obtained  at  1644°  K  (first 
temperature  cycle).  Relative  directional  emittance  data  were  then  obtained  at  1364, 
1085,  and  866°  K,  and  the  absolute  values  were  remeasured  at  all  test  temperatures 
(second  temperature  cycle)  to  check  the  stability  of  the  sample.  The  test  chamber 
pressure  was  maintained  between  4  and  10  x  10-6  Torr  throughout  the  tests. 

Emittance  Data:  Absolute  emittance  values  are  shown  in  Table  XVI;  relative  total 
directional  emittance  data  in  Figure  62;  relative  spectral  directional  emittance  data 
at  X  =  1.5,  2,  3,  4,  6,  and  8  p  in  Figures  63  through  68. 

Remarks:  The  total  hemispherical  emittance  values  were  essentially  the  same  before 
and  after  the  1644* K  tests,  but  the  total  normal  and  spectral  normal  emittance  values 
at  the  short  wavelenj  is  appeared  to  drop  slightly.  Slight  changes  in  the  surface 
characteristics  of  the  sample  due  to  further  annealing  during  the  1644°  K  test  are 
believed  to  be  the  cause  for  the  changes  iu  emittance. 

Photomicrographs  of  the  sample  surface  before  and  after  the  emittance  tests  are 
shown  in  Figure  13,  and  a  taper-section  photomicrograph  is  shown  in  Figure  17. 
Changes  in  the  surface  characteristics  of  the  sample  are  discussed  in  subsection 
V.  l.a.  The  x-ray  diffraction  and  arc-spectrographic  results  were  the  same  as  for 
platinum  sample  IB. 


Table  XVI.  Absolute  Emittance  Data  for  Platinum  Sample,  No,  4B 
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Relative  Spectral  Directional  Emittance  at  X  =  1.  5  n,  Platinum  Sample  No.  4B 
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Relative  Spectral  Directional  Emittance  at  A  =  3  n,  Platinum  Sample  No.  4B 


Relative  Spectral  Directional  Eraittance  at  A  =  4  n,  Platinum  Sample 


Relative  Spectral  Directional  Emittance  at  X  =  6  n,  Platinum  Sample  No.  4B 


1645°  K 


4.  PLATINUM  SAMPLE  NO.  5B 


Preparation;  Shot  blasted  with  size  XL  "Glas-Shot";  pressure,  30  psi;  distance, 

6  in. ,  normal  to  surface. 

RMS  Roughness:  Before  omittance  terts:  39  ixiv.;  after,  40  /an. 

Test  Procedure:  Before  testing,  the  sample  was  annealed  at  1640° K  for  20  min  in 
vacuum.  Absolute  emittance  values  were  then  determined  at  870,  1091,  1232,  1365, 
and  1639*K,  and  relative  directional  emittance  data  were  obtained  at  1639° K  (first 
temperature  cycle) .  Relative  directional  emittance  data  were  then  obtained  at  1365 , 
1091,  and  866°  X,  and  the  absolute  emittance  values  were  remeasured  at  all  test  tem¬ 
peratures  (second  temperature  cycle)  to  check  the  stability  of  the  sample.  The  test 
chamber  pressure  was  maintained  between  4  and  9  x  10~6  Torr  throughout  all  tests. 

Emittance  Data;  Absolute  emittance  values  are  shown  in  Table  XVII;  relative  total 
directional  emittance  data  in  Figure  69;  relative  spectral  directional  emittance  data 
at  A  =  1.5,  2,  3,  4,  6,  and  8  p  in  Figures  70  through  75. 

Remarks  Absolute  emittance  values  determined  after  the  1639° K  tests  tended  to  be 
slightly  lower  than  the  initial  values  for  this  sample .  The  cause  is  believed  to  be  a 
systematic  measurement  error  during  the  second  test -temperature  cycle  rather  than 
a  change  in  surface  characteristics.  No  significant  change  in  surface  characteristics 
was  indicated  by  the  post -test  examinations.  A  similar  drop  in  absolute  emittance 
was  rioted  for  sample  3B.  A  possible  explanation  is  that  the  calibration  of  the  fine 
(0.003-in.  diameter)  thermocouple  wire  changed  slightly  during  the  1640°K  test. 

Photomicrographs  of  the  sample  surface  before  and  after  the  emittance  tests  are  shown 
in  Figure  13 ,  and  the  change  in  surface  characteristics  is  discussed  in  subsection 
V.  l.a.  The  x-ray  diffraction  and  arc-spectrographic  results  were  the  same  as  for 
platinum  sample  IB. 


Table  XVII .  Absolute  Emittanco  Data  for  Platinum  Sample  No.  5B 
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Relative  Spectral  Directional  Emittance  at  X  =  1. 5  n,  Platinum  Sample  No.  5B 


Relative  Spectral  Directional  Emittance  at  \  =  3  ju,  Platinum  Sample  No.  5B 


0  (dog) 

Figure  74  l:eUiive  Spectral  Directional  Emlttance  at  X  =  6  Platinum  Sample  No.  5B 


i.  Component 


5.  PLATINUM  SAMPLE  NO.  6B 


Preparation:  Shot  blasted  with  size  XL  "Glas-Shot";  pressure,  60  psi;  distance, 

6  in. ,  normal  to  surface. 

RM°  Roughnesa:  Before  emittance  tests,  127  pin. ;  after,  95  pin. 

Test  Procedure:  Before  testing,  the  sample  was  annealed  at  1640* K  for  1  hr  in 
vacuum.  Absolute  and  relative  directional  emittance  data  were  then  obtained  at  1635, 
1365,  1225,  1088,  and  870* K  (first  temperature  cycle) .  Absolute  and  relative  total 
directional  emittance  data  were  remeasured  at  1095,  1223,  1370,  and  1640*  K  (second 
temperature  cycle)  to  check  the  sample  stability .  The  test  chamber  pressure  was 
maintained  between  2  x  10  and  6  x  10  ~5  Torr  iroughout  all  tests . 

Emittance  Data:  Absolute  emittance  values  are  shown  in  Table  XVIQ;  relative  total 
directional  emittance  data  in  Figure  76;  relative  spectral  directional  emittance  data 
in  Figures  77  through  82. 

Remarks:  This  sample  was  the  first  tested  in  the  modified  emittance  apparatus  used 
for  this  year's  study.  After  the  first  test-temperature  cycle,  analysis  of  the  data 
showed  the  total  normal  emittance  determinations  to  be  erratic  and  unreasonably  high 
at  1365  and  1640*K.  Additional  tests  of  the  total  detector  alignment  and  response 
showed  the  problem  to  be  saturation  of  the  13  cps  detector-amplifier  at  the  energy 
levels  associated  with  these  temperatures.  To  eliminate  this  error,  the  aperture  slit 
width  for  the  total  normal  emittance  determinations  was  narrowed  from  0.015  to 
0.005  in. ,  thereby  reducing  to  acceptable  levels  the  amount  of  energy  received  by  the 
detector.  Subsequent  determinations  were  in  good  agreement  with  previous  data  at 
the  lower  test  temperatures  but  were  later  found  to  be  erratic  and  nonrepeatable, 

(See  Remarks  for  platinum  sample  no.  IB.)  A  discussion  of  this  problem  and  of  the 
procedure  for  eliminating  it  is  contained  in  subsection  V.  l.b.  Since  the  problem  was 
not  satisfactorily  solved  during  the  testing  of  this  sample ,  a  complete  set  of  total  nor¬ 
mal  emittance  data  was  not  obtained.  From  the  absolute  emittance  data  that  were 
obtained,  however,  the  emittance  characteristics  of  the  sample  do  not  appear  to  be 
significantly  different  from  those  of  the  other  four  platinum  samples.  The  total 
hemispherical  and  spectral  normal  emittance  values  indicate  that  the  sample  remained 
essentially  stable  after  the  1-hr,  pretest  anneal  treatment. 

Photomicrographs  of  the  sample  surface  before  and  after  the  emittance  tests  are 
shown  in  Figure  13 ,  and  a  taper-section  photomicrograph  of  the  sample  is  shown  in 
Figure  17.  Changes  in  the  surface  characteristics  of  the  sample  are  discussed  in 
subsection  V.l.a. 

X-ray  diffraction  data  for  the  sample  are  presented  in  Table  V.  The  diffraction 
pattern  indicated  that  the  more  severe  shot-blast  treatment  of  this  surface  altered 
the  orientation  of  the  lattice  structure  somewhat,  relative  to  the  structure  of  the 
other  four  platinum  samples.  The  spectrographic  results  were  the  same  as  for  the 
other  platinum  samples,  indicating  no  surface  contamination  by  the  Glas-Shot. 


Relative  Total  Directional  Emittance,  Platinum  Sa: 


Relative  Spectral  Directional  Emittance  at  X  =  1.  5  y.,  Platinum  Sample  No.  6B 


Relative  Spectral  Directional  Emittance 


Relative  Spectral  Directional  Emittance  at  A  =•  3  n,  Platinum  Sample  No.  6B 


Relative  Spectral  Directional  Emittance  at  a  =  8  fi,  Platinum  Sample  No.  6B 


Figure  82  Relative  Spectral  Directional  Emittance  at  X  -  8  n.  Platinum  Sample  No.  6B 


6.  STAINLESS  STEEL  SAMPLE  No.  1S-2 


Preparation:  Unoxidized,  electropolished  and  annealed  by  the  method  described  in 
subsection  Hi .  2.  a . 

RMS  Roughness:  Before  emittance  tests:  13  pin.  (independent  of  direction).  After 
emittance  tests:  not  measured;  surface  oxidized. 

Test  Procedure:  Absolute  emittance  data  were  obtained  at  532,  675,  811,  and  955°K  * 

(first  temperature  cycle).  The  sample  surface  was  visually  inspected  and  appeared 

bright  and  clean,  i.e. ,  unoxidized.  Absolute  and  relative  directional  emittance  data 

were  then  obtained  at  the  same  test  temperatures  (second  temperature  cycle) , 

and  the  absolute  and  relative  total  directional  emittances  of  the  sample  at  946°  K  were 

rechecked  after  the  directional  emittance  tests.  An  inspection  of  the  sample  surface 

showed  that  a  light-blue  oxide  film  had  formed.  Absolute  emittance  values  at  537, 

673,  and  808°  K  were  remeasured  (third  temperature  cycle)  to  determine  the  change 
in  sample  emittance  characteristics  due  to  sample  oxidation.  A  test  chamber  pres¬ 
sure  of  2. 5  x  10"6  Torr  was  maintained  throughout  all  tests. 

Emittance  Data:  Absolute  emittance  values  are  shown  in  Table  XIX;  relative  total 
directional  emittance  data  in  Figure  83;  relative  spectral  directional  emittance  data 
at  X  =  1.  S,  2,  3,  4,  and  6  p  in  Figures  84  through  88. 

Remarks:  This  sample  was  the  second  of  three  smooth,  unoxidized  stainless  steel 
samples  tested;  test  data  for  the  first  are  not  presented  because  the  surface  oxidized 
during  a  pretest  anneal  at  1090  *  K.  The  absolute  emittance  values  obtained  during 
the  first  te3t-temperature  cycle  of  this  sample  are  believed  to  be  representative  of 
electropolished,  unoxidiz^d  stainless  steel.  After  the  first  temperature  cycle,  the 
surface  appeared  to  be  unchanged  from  its  initial  bright  finish.  Spectral  normal 
emittance  values  obtained  during  the  second  test  temperature  cycle,  however,  indi¬ 
cate  that  sufficient  surface  oxidation  occurred  to  cause  a  slight  rise  in  spectral 
normal  emittance  values  at  1.5  and  2  p.  Following  the  808°K  tests,  it  appears  that 
further  oxidation  occurred,  sufficient  to  produce  a  significant  rise  in  the  total  hemi¬ 
spherical,  total  normal,  and  spectral  normal  emittance  values  out  to  4  p.  Still 
further  oxidation  occurred  during  the  946 °K  tests,  as  indicated  by  the  emittance  data 
obtained  at  the  end  of  the  second  temperature  cycle  and  during  the  third  temperature 
cycle.  After  the  emittance  tests  the  center  portion  of  the  sample  surface  was  covered 
with  a  uniform,  light-blue  oxide  film. 

The  change  in  relative  total  directional  emittance  due  to  further  oxidation  during  the 
946°K  tests  is  shown  in  Figure  83.  Most  of  the  change  in  relative  spectral  direc¬ 
tional  emittance  is  also  attributed  to  the  surface  oxidation  that  occurred  at  this 
temperature .  Absolute  and  directional  emittance  data  characteristic  of  unoxidized 
stainless  steel  at  945°K  were  obtained  later  from  a  third  sample.  (See  data  for  • 

sample  1S-3,  subsection  VH.14.) 


358 


Photomicrographs ,  electron  micrographs ,  and  a  surface  interference  micrograph  of 
this  sample  are  shown  in  Figures  30,  31,  and  32,  respectively,  and  are  discussed  in 
subsection  V.2.a.  The  thickness  of  the  light-blue  oxide  film  was  not  determined  but 
its  relative  total  directional  emittance  characteristics  indicate  a  thickness  between 
0.015  and  0.17  p.  From  the  color-versus-thickness  data  reported  by  Gulbransen  and 
Andrew  (Ref.  32)  for  oxide  Rims  on  304  stainless  steel,  the  thickness  of  blue-colored 
films  appears  to  be  between  0.020  and  0.080  p. 

An  electron  diffraction  pattern  of  the  oxide  is  shown  in  Figure  36.  Most  of  the 
principal  diffraction  lines  were  identified  with  the  pattern  for  Fe304,  but  numerous 
additional  lines  were  not  identified. 


Table  XIX.  Absolute  Emittance  Data  for  Stainless  Steel  Sample  No.  1S-2 
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(a)  Surface  appeared  to  be  unoxitilzed  at  start  of  second  temperature  cycle. 

(b)  Directional  emittance  data  obtained  at  these  temperatures. 

(c)  Sample  oxidized  during  946°  K  emittance  tests  at  end  of  second  temperature  cycle. 


Figure  84  Relative  Spectral  Directional  Emittance  at  X  =  1.5  fi,  Stainless  Steel  Sample  No.  1S-2 


Figure  85  Relative  Spectral  Directional  Emittsnce  at  X  =  2  n.  Stainless  Steel  Sample  No.  1S-2 
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Figure  ^6  Relative  Spectral  Directional  Emittance  at  \  =  3  n.  Stainless  Steel  Sample  No.  1S-2 


‘XV-K'+Hf 


Figure  87  Relative  Spectral  Directional  Emittance  at  \  =  4  ju,  Stainless  Steel  Sample  No.  1S-2 
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Relative  Spectral  Directional  Emittance  at  X  -  6  n.  Stainless  Steel  Sample  No.  1S-2 


7.  STAINLESS  STEEL  SAMPLF  NO.  2S 


Preparation:  Oxidized  for  l/2  hr  at  800*  C  in  wet  hydrogen  furnace. 

Initial  Oxide  Film  Characteristics:  Color:  gold  (interference  film).  Composition: 
primarily  Fe304.  Average  thickness:  0.015  p  (based  on  weight  gain  data). 

Test  Procedure:  Absolute  and  relative  directional  emittance  data  were  obtained  at 
532,  673,  810,  952,  and  1087°K  (first  temperature  cycle),  and  the  absolute  emittance 
at  108 1°K  was  rechecked  at  the  conclusion  of  the  directional  emittance  tests.  An 
inspection  of  the  sample  showed  the  color  of  the  oxide  film  had  changed  from  gold  to 
silvery  gray.  Absolute  emittance  values  at  534,  668,  803,  and  940°K  were  remea¬ 
sured,  and  the  relative  total  directional  emittance  at  534  and  Bli^K  was  rschecked 
(second  tem^eratuie  cycle)  to  determine  the  change  in  sample  emittance  characteristics 
due  to  the  change  ii  the  oxide  film.  A  test  chamber  pressure  of  4  x  10~®  Torr  was 
maintained  throughout  all  tests. 

Emittance  Data:  Absolute  emittance  values  are  shown  in  Table  XX;  relative  total 
directional  emittance  data  before  and  after  the  1080°K  tests  in  Figures  89  and  90, 
respectively;  relative  spectral  directional  emittance  data  at  A  =  1.5,  2,  3,  4,  6,  and 
8  p  in  Figures  91  through  96. 

Remarks:  The  absolute  and  relative  directional  emittance  data  obtained  during  the 
first  test  temperature  cycle  are  believed  to  be  characteristic  of  the  initial  surface  of 
the  sample  (i.e. ,  the  gold-colored  oxide  film)  up  to  952° K-  During  the  952°  K  te=?.:s 
additional  oxidation  began  to  occur,  and  it  continued  at  an  increased  rate  thiou;.;a  L:c 
1087° K  tests.  The  effect  of  the  increased  oxide  film  thickness  on  the  absolute 
and  spectral  emittance  properties  of  the  sample  is  clearly  shown  by  the  data  obtained 
at  the  end  of  the  first  test  temperature  cycle  and  in  the  second  temperature  cycle. 

All  the  directional  emittance  data  show  a  high  sensitivity  to  the  change  in  oxide  film 
thickness.  The  sensitivity  is  clearly  wavelength  dependent,  causing  quite  drastic 
changes  in  the  directional  emittance  characteristics  at  short  wavelengths  and  only 
slight  changes  at  long  wavelengths.  (See  subsection  V.2.b.) 

Photomicrographs  and  electron  micrographs  of  the  sample  surface  are  shewn  in 
Figures  30  and  33,  respectively,  and  are  discussed  in  subsection  V-2.a.  These 
micrographs  show  the  initial  gold-colored  oxide  film  to  be  intermediate  in  appearance 
to  the  pre-test  and  post-test  surfaces  of  sample  1S-2.  The  thickness  of  the  silvery- 
gray  oxide  film  on  die  post-test  surface  was  not  dote  mined,  but  its  relative  total 
directional  emittance  characteristics  (Figure  90)  indicate  a  tnickness  about  the  same 
as  that  of  the  light -blue  film  that  formed  on  sample  1S-2.  The  silverv-gray  color 
seems  to  correspond  with  the  "silvery  hiatus"  mentioned  by  Kubaschewski  in  (31). 

An  electron  diffraction  pattern  of  the  initial  gold-colored  oxide  film  is  shown  in 
Figure  36 .  Most  of  the  principal  diffraction  lines  were  identified  with  the  pattern 
foi  a  few  additional  lines  present  were  not  identified.  The  diffraction  pattern 

for  i  .3  silvery -gray  film  on  the  post-test  surface  was  essentially  the  same  as  that 
for  the  gold-colored  film. 
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Figure  89  Relative  Total  Directional  Emittance  Before  1080*K  Tests,  Stainless  Steel  Sample  No.  2S 


Relative  Total  Directional  Emittance  After  1080°K  Tests,  Stainless  Steel  Sampie  No.  2S 


Figure  91  Relative  Spectral  Directional  Emittance  at  \  =  1.  5  p,  Stainless  Steel  Sample  No.  2S 


Relative  S,  iCtral  Directional  Emittance  at  X  =  2  n.  Stainless  Steel  Sample  No.  2S 


Sample 


Relative  Speotral  Direc*  4onsi  Emittance  at  X  =  4  u ,  Stainless  Steel  Sample  No.  2S 


Figure  95  Relative  Spectral  Directional  Emittance  at  X  =  6  n,  Stainless  Steel  Sample  No.  2S 


Relative  Spectral  Directional  Emittance 


8.  STAINLESS  STEEL  SAMPLE  NO.  3S 


Preparation:  Oxidized  for  1/2  hr  at  800  °C  in  wet  hydrogen  furnace. 

Initial  Oxide  Film  Characteristics:  Color:  Purple  (inter feronce  film).  Composition: 
primarily  FegO.^.  Average  thickness:  0. 17  p  (based  on  weight  gain  data). 

Test  Procedure:  Absolute  and  relative  directional  emittance  data  were  obtained  at  533, 
668,  807,  953,  and  1090°K.  No  additional  tests  were  made  because  of  the  unstable  _Q 
nature  of  the  oxide  film  and  emittance  at  1G90#K.  A  test  chamber  pressure  of  2.5  x  10"° 
Torr  wr  ■  maintained  until  midway  through  the  1090°K  tests,  when  the  pressure  rose 
to  6  x  11  6  Torr. 

Emittance  Data:  Absolute  emittance  values  are  shown  in  Table  XXI;  relative  total 
directional  emittance  data  in  Figure  97;  relative  spectral  directional  emittance  data 
at  X  =  1.5,  2,  3,  4,  6,  and  8  p  in  Figures  98  through  103. 

Remarks:  The  absolute  and  relative  directional  emittance  data  obtained  are  believed 
to  be  characteristic  of  the  initial  surface  of  the  sample  (i.e. ,  the  purple  oxide  'm) 
up  to  950 °K.  During  the  953° K  tests,  additional  oxidation  occurred,  as  evidence-?  by 
the  higher  spectral  normal  emittance  values  at  this  temperature  and  at  1090°  K. 
Shortly  after  the  absolute  emittance  data  were  obtained  at  1090°K,  the  total  emittance 
of  the  sample  began  to  drop,  and  during  the  directional  emittance  tests  at  this  tem¬ 
perature  the  electrical  power  to  the  sample  had  to  be  dropped  several  times  to  keep 
the  temperature  from  exceeding  1100°K.  At  the  conclusion  of  the  *ests,  the  relative 
total  directional  omittance  chai  acteristies  were  observed  to  be  approaching  those  for 
unoi.Mized  stainless  steel  and  the  oxide  film  had  almost  entirely  disappeared,  leaving 
the  surface  bright  and  clean;  consequently  no  further  emittance  tests  were  made.  The 
reason  for  the  unstable  condition  of  the  oxide  film  is  unknown,  and  it  is  contrary  to 
the  changes  in  oxide  film  thickness  on  the  other  stainless  steel  samples.  To  prevent 
a  recurrence  of  thi_  nstability,  the  maximum  test  'emperature  for  the  remaining 
samples  was  lowered  from  1090  to  950°  K. 

A  photomicrograph  and  an  electron  micrograph  of  the  initial  parple-cclored  oxide  film 
on  this  sample  surface  are  shown  In  Figures  30  and  31,  respectively,  and  are  dis¬ 
cussed  in  subsection  V.2.a.  No  studies  of  the  post -test  surface  were  made.  Electron 
shadowgraphs  of  the  initial  oxide  film  from  this  sample  are  shown  in  Figures  34  and 
35  and  are  discussed  in  subsection  V.2.a.  The  pictures  show  the  film  thickness  to 
be  highly  variable  and  almost  discontinuous  in  spots.  Consequently,  accurate  mea¬ 
surement  of  the  film  thickness  by  this  method  was  not  possible.  An  electron  diffrac¬ 
tion  pattern  of  the  initial  purple-colored  oxide  film  is  shown  in  Figure  36.  The  pattern 
is  similar  to  that  obtained  for  the  gold -colored  oxide  film  on  sample  2S,  which  indicates 
the  composition  of  the  oxide  to  be  primarily  FegO^. 


Table  XXI.  Absolute  Emittance  Data  for  Stainless  Steel  Sample  No.  3S 
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(a)  Directional  emittance  data  obtained  at  these  temperatures. 

(b)  Sample  emittance  was  observed  to  drop  significantly  midway  through  the  1090*  K  directional 
emittance  tests  due  to  instability  of  the  oxide  film. 


;uro  97  Relative  Total  Directional  Emittance,  Stainless  Steel  Sample  No.  3S 


e  (deg) 

Figure  98  Relative  Spectral  Directional  Emittance  at  X  =  1.5  fx.  Stainless  Steel  Sample  No.  3S 


0  (deg) 

Figure  99  Relative  8pectrai  Directional  Emittance  at  A  =  2  n,  Stainless  Steel  Sample  No.  3S 


Relative  Spectral  Directional  Emittance  at  \  =  3  n.  Stainless  Steel  Sample  No.  3S 


1  Relative  Spectral  Directional  Emittance  at  X  =4  n,  Stainless  Steel  Sample  No.  3S 


Figure  102  Relative  Spectral  Directional  Endttance  at  X  -  6  ju,  Stainless  Steel  Sample  No.  3S 


igure  103  Relative  Spectral  Directional  Emittance  at  \  =  8  n.  Stainless  Steel  Sample  No.  3S 


9.  STAINLESS  STEEL  SAMPLE  NO.  4S 


Preparation:  Oxidized  for  1/2  hr  at  1000*  C  in  wet  hydrogen  furnace . 

Initial  Oxide  Film  Characteristics:  Color:  Dull  gray.  Composition:  primarily  FegO^. 
Average  thickness:  0.95  p,  (based  on  weight  gain  measurements). 

Test  Procedure:  Absolute  and  relative  directional  emittance  data  were  obtained  at  537, 
676,  818,  and  957* K  (first  temperature  cycle).  Absolute  emittance  values  were  re¬ 
checked  at  all  four  temperatures  after  the  957°  K  tests.  A  test  chamber  pressure  of 
4. 5  x  10“®  Torr  was  maintained  throughout  all  tests. 

Emittance  Data-,  Absolute  emittance  values  are  shown  in  Table  XXII;  relative  total 
directional  emittance  data  in  Figure  104;  relative  spectral  directional  emittance  data 
at  X  =  1.5,  2,  3,  4,  6,  and  8  p  in  Figures  105  through  110. 

Remarks:  The  absolute  and  relative  directional  emittance  data  obtained  during  the  first 
test  temperature  cycle  are  believed  to  be  characteristic  of  the  initial  surface  of  the 
sample  (i.e. ,  the  dull  gray  oxide  film).  The  absolute  emittance  data  obtained  during 
the  second  test  temperature  cycle  were  significantly  higher  at  all  temperatures  and 
wavelengths,  indicating  that  a  significant  change  in  the  oxide  film  occurred  while  the 
directional  emittance  data  at  979®  F  were  obtained.  The  appearance  of  the  sample 
after  the  emittance  tests,  however,  was  essentially  the  same  as  at  the  start  of  the 
tests,  and  no  significant  changes  in  the  relative  directional  emittance  characteristics 
were  observed. 

Photomicrographs  and  electron  micrographs  of  the  surface  are  shown  in  Figures  30 
and  31 ,  respectively,  and  are  discussed  in  subsection  V.2.a.  The  electron  micro¬ 
graphs  indicate  the  initial  oxide  film  to  be  quite  rough  with  large  oxide  nodules 
covering  about  50%  of  the  surface.  After  the  950®  F  tests,  the  appearance  of  the 
oxide  was  significantly  different  although  its  c<">lor  and  visual  appearance  remained  the 
same.  A  photomicrograph  and  an  electron  micrograph  of  a  cross-section,  metal¬ 
lurgical  mount  of  the  sample,  after  the  emittance  tests,  are  shown  in  Figure  33  and 
are  discussed  in  subsection  V.2.a. 

An  electron  diffraction  pattern  of  the  initial  oxide  on  this  sample  is  shown  in  Figure  36 . 
Most  of  the  principal  diffraction  lines  were  identified  with  the  pattern  for  FegC>4,  but 
numerous  additional  lines  were  not  identified.  The  pattern  for  the  oxide  after  the 
emittance  tests  was  essentially  the  same  as  that  shown  for  the  initial  oxide. 


Table  XXII.  Absolute  Emittance  Data  for  Stainless  Steel  Sample  No.  4S 
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Relative  Spectral  Directional  Emittance  at  X  =  1.5  ft,  Stainless  Steel  Sample  No.  4S 
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Relative  Spectral  Directional  Emittance  at  X  =  2  n.  Stainless  Steel  Sample  No.  4S 


Figure  10Y  Relative  Spectral  Directional  Emittance  at  X  =■  3  f.i.  Stainless  Steel  Sample  No.  4S 
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Relative  Spectral  Directional  Emittance  at  X  =  4  p,  Stainless  Steel  Sample  ? 


igure  109  Relative  Spectral  Directional  Emittance  at  A  =  6  n.  Stainless  Steel  Sample  No.  4S 
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Figure  110  Relative  Spectral  Directional  Emittance  at  X 
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10.  STAINLESS  STEEL  SAMPLE  NO.  5S 

Preparation:  Oxidized  for  1-1/2  hr  at  1000°  C  in  wet  hydrogen  furnace. 

Initial  Oxide  Film  Characteristics:  Color:  Dull  brownish-gray.  Composition: 
primarily  Fe-jO^  Average  thickness:  1.4  p  (based  on  weight  gain  measurements). 

Test  Procedure:  Absolute  and  relative  directional  emittance  data  were  obtained  at 
535,  679,  809,  and  950°K  (first  temperature  cycle).  Absolute  emittance  values  were 
remeasured  at  all  four  temperatures  after  the  950° K  tests  (second  temperature  cycle) 
to  check  the  stability  of  the  sample.  A  test  chamber  pressure  of  3. 5  to  5  x  io~®  Torr 
was  maintained  throughout  all  tests. 

Emittance  Data:  Absolute  emittance  values  are  shown  in  Table  XXIII;  relative  total 
directional  omittance  data  in  Figure  111;  relative  spectral  directional  emittance  data 
at  X  =  1.5,  2,  3,  4,  6,  and  8  p  in  Figures  112  through  117. 

Remarks:  The  absolute  and  relative  directional  emittance  data  obtained  indicate  that 
this  sample  remained  fairly  stable  throughout  the  emittance  tests.  The  lone  excep¬ 
tion  is  the  absolute  emittance  values  at  541° K  (second  temperature  cycle),  which  are 
slightly  higher  than  the  initial  values  determined  at  this  temperature.  This  suggests 
a  possible  change  in  the  long-wavelength  spectral  emittance  characteristics.  No  visual 
change  in  the  appearance  of  the  sample  was  obw  wed. 

Photomicrographs  and  electron  micrographs  of  the  sample  surface  are  shown  in 
Figures  30  and  31  ,  respectively,  and  are  discussed  in  subsection  V.2.a.  Although 
the  electron  micrographs  indicate  a  considerable  change  in  the  appearance  of  the  oxide 
during  the  emittance  tests,  the  visual  appearance  and  color  of  the  oxide  were  unchanged. 
A  photomicrograph  and  electron  micrograph  of  a  cross-section,  metallurgical  mount  of 
the  sample,  after  the  emittance  tests,  are  shown  in  Figure  33  and  are  discussed  in 
subsection  V.2.a. 

An  electron  diffraction  pattern  of  the  initial  oxide  on  this  sample  is  shown  in  Figure 
36  .  The  pattern  appears  to  be  essentially  the  same  as  that  for  sample  4S,  indicating 
the  oxide  composition  to  be  primarily  plus  an  unknown  (possibly  spinel)  phase. 

The  pattern  for  the  oxide  after  the  emittance  tests  was  essentially  the  same  as  that 
shown  for  the  initial  oxide. 
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Relative  Spectral  Directional  Emittance  at  X  =  1.5  ft,  Stainless  Steel  Sample  No.  5S 


Figure  113  Relative  Spectral  Directional  Emittance  at  1  -  2  p,  stainless  Steel  Sample  No.  5S 


Relative  Sprotval  Directional  Emittance  at  >.  =  3  iu ,  Stainless  Steel  Sample  No.  5S 


Relative  Spectral  Directional  Emittance  at  \  -  6  n.  Stainless  Steel  Sample  No.  5S 


Figure  117  Relative  Spectral  Directional  Emittance  at  \  =  8  n,  Stainless 


11.  STAINLESS  STEEL  SAMPLE  NO.  1R 


Preparation:  Unoxidized,  electropclished  by  the  method  described  in  subsection 

ID.  2. a.  Rougheneo  by  shot  blasting  with  size  XL  "Glas-Shot",  30  psi  at  4  in.  Annealed 

for  10  min  at  1045* C  in  dry  hydrogen.  I 

RMS  Roughness:  Before  emittance  tests,  20  pin.;  after,  not  measured  (oxidized). 

Test  Procedure:  Absolute  and  relative  directional  emittance  data  were  obtained  at 
539,  673,  810,  and  947* K,  and  the  absolute  and  relative  total  directional  emittance  7 

values  were  remeasured  after  the  947* K  tests,  (first  temperature  cycle).  Absolute 
emittance  values  at  539,  675,  and  811* K  were  remeasured  (second  temperature  cycle) 
to  indicate  the  change  in  sample  emittance  characteristics  due  to  oxidation.  The  test 
chamber  pressure  was  maintained  at  2. 5  x  10“6  Torr  throughout  all  tests. 

Emittance  Data:  Absolute  emittance  values  are  shown  in  Table  XXIV;  relative  total 
directional  emittance  data  in  Figure  118,  relative  spectral  direction  emittance  data 
at  A  =  1.5,  2,  3,  4,  and  6  p  in  Figures  119  through  123. 

Remarks:  The  absolute  and  directional  emittance  data  obtained  up  to  947*  K  in  the 
first  test  temperature  cycle  are  believed  to  be  characteristic  of  the  roughened,  un¬ 
oxidized  stainless  steel  surface.  During  the  94 7° K  directional  emittance  tests  the 
sample  oxidized  to  a  uniform  reddish-gold  color.  The  emittance  data  obtained  during 
the  second  temperature  cycle  show  that  the  oxide  film  had  very  little  effect  on  the 
total  normal  and  total  hemispherical  emittance  of  the  sample  at  temperatures  lower 
than  675°K,  and  very  little  effect  on  the  spectral  normal  emittance  at  wavelengths 
longer  than  4  p.  The  effect  of  the  oxide  film  on  the  relative  total  directional  emit¬ 
tance  of  the  sample  at  950”  K  is  shown  in  Figure  118. 

A  comparison  of  the  relative  total  directional  emittance  data  with  data  obtained  for  the 
unroughened  sample  (1S-2)  indicates  that  roughening  had  a  significant  effect  (i.e. , 
lower  e(0)max  values]  on  this  property  at  the  lower  test  temperatures,  but  the  950°K 
data  were  about  the  same  for  both  samples.  The  effect  was  not  as  noticeable  in  the 
relative  spectral  directional  emittance  data. 

Photomicrographs  and  electron  micrographs  of  the  sample  are  shown  in  Figures  30 
and  31 ,  respectively,  and  are  discussed  in  subsection  V.2.a.  The  electron  micro¬ 
graph  of  the  reddish-gold  oxide  film  shows  the  appearance  to  be  intermediate  to  that 
of  the  initial  gold-colored  oxide  film  on  sample  2S  and  the  final  blue-colored  oxide 
film  that  formed  on  sample  1S-2.  No  attempt  was  made  to  determine  the  thickness  * 

of  the  oxide  film. 

An  electron  diffraction  pattern  of  the  oxide  was  obtained  and  was  identical  to  that  shown 
in  Figure  36  for  sample  1S-2,  indicating  the  composition  to  be  primarily  Fe„0.. 
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Relative  Total  Directional  Emittance,  Stainless  Steel  Sample  No.  1R 


Relative  Spectral  Directional  Emittance  at  \  =  2  (i,  Stainless  Steel  Sample  No.  1R 


Relative  Spectral  Directional  Emittance  at  \  =  4  p,  Stainless  Steel  Sample  No.  1R 


Figure  123  Relative  Spectral  Directional  Emittance  at  X  =  6  p,  Stainless  Steel  Sample  No. 


12.  STAINLESS  STEEL  SAMPLE  NO.  3R 


Preparation:  Electropolished,  roughened,  and  annealed  in  the  same  manner  as  stain¬ 
less  steel  sample  no.  1R.  Oxidized  for  1/2  hr  at  800*  C  in  wet  hydrogen  furnace. 

Initial  Oxide  Film  Characteristics:  Color:  Purple  (interference  film).  Composition: 
primarily  FegC^.  Average  thickness;  0. 165  p  (based  on  weight-gain  measurements). 

Test  Procedure:  Absolute  and  relative  directional  emittance  data  were  obtained  at 
535,  677,  810,  and  949*  K,  and  the  absolute  and  relative  total  directional  emittance 
values  were  remeasured  after  the  949*  K  .  mittance  tests  (first  temperature  cycle). 
Absolute  emittance  data  were  remeasured  at  540,  675,  and  808°  K  (second  temperature 
cycle)  to  determine  the  change  in  sample  emittance  characteristics  due  to  the  change 
in  the  oxide  film.  The  test  chamber  pressure  was  maintained  at  1. 5  x  10  *6  Torr 
throughout  all  tests. 

Emittance  Data:  Absolute  emittance  values  are  shown  in  Table  XXV;  relative  total 
directional  emittance  data  in  Figure  124;  relative  spectral  directional  emittance  data 
at  X  =  1. 5,  2,  3,  4,  6,  and  8  p  in  Figures  x25  through  130. 

Remarks:  The  absolute  and  relative  directional  emittance  data  obtained  during  the 
first  test  temperature  cycle  up  to  949*  K  are  believed  to  be  characteristic  of  the  initial 
surface  of  this  sample  (i.  e. ,  the  purple  oxide  film).  The  absolute  emittance  data 
obtained  at  the  end  of  the  959*  K  tests  and  during  the  second  test  temperature  cycle 
indicate'  that  additional  sample  oxidation  occurred  during  the  949°  K  directional  emit¬ 
tance  tests.  Only  slight  changes  in  the  total  and  spectral  directional  emittance  data 
were  observed,  however.  At  the  conclusion  of  the  emittance  tests,  the  color  of  the 
oxide  film  had  changed  from  purple  to  blue-gray. 

Photomicrographs  and  electron  micrographs  of  the  sample  art.  shown  in  Figures  30 
and  31  ,  respectively,  and  are  discussed  in  subsection  V.2.a.  No  attempt  was  made 
to  determine  the  thickness  of  the  oxide  film  after  the  emittance  tests. 

An  electron  diffraction  pattern  of  the  initial  oxide  film  was  identical  to  that  shown  in 
Figure  36  for  sample  3S,  indicating  the  composition  to  be  primarily  FesC^. 
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Table  XXV.  Absolute  Emittance  Data  for  Stainless  Steel  Sample  No.  3R 
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Figure  124  Relative  Total  Directional  Emittance  of  Stainless  »Steel  Sample  No.  3R 


Figure  125  Relative  Spectral  Directional  Emittanceat  X  =  1.5  ft,  Stainless  Steel  Sample  No.  3R 


Relative  Spectral  Directional  Emittance  at  X  =  2  m.  Stainless  Steel  Sample  No.  3R 


13.  STAINLESS  STEEL  SAMPLE  Nr  .  5R 


P.rePara^°n:  Electropolished,  roughened,  and  annealed  in  the  same  manner  as  stain¬ 
less  steel  sample  no.  1R.  Oxidized  for  1-1/2  hr  at  1000*  C  in  wet  hydrogen  furnace. 

jr.itiaLQxide  Film  Characteristics:  Color:  Dark  gray.  Composition:  Primarily 
e3^4-  Average  thickness:  1. 5  it  (based  on  weight  gain  measurements). 

TestProcedure:  Absolute  and  relative  directional  emittance  data  were  obtained  at 
535,  675,  815,  and  951*  K,  and  the  absolute  and  relative  total  directional  emittance 
values  were  remeasured  after  the  951*  K  tests  (first  temperature  cycle).  Absolute 
emittance  values  were  remeasured  at  535,  678,  and  813*  K  (second  temperature  cycle) 
to  check  the  stability  of  the  sample.  The  test  chamber  pressure  was  maintained  at 
1. 5  x  10~o  Torr  throughout  all  tests. 

Emittance  Data:  Absolute  emittance  values  are  shown  in  Table  XXVI:  relative  total 
directional  emittance  data  in  Figure  131;  relative  spectra  1  directional  emittance  data 
at  a  -  1. 5,  2,  3,  4,  6,  and  8  p  in  Figures  132  through  137. 

Remarks:  The  absolute  and  relative  directional  emittance  data  indicate  that  thic 
sample  remained  stable  throughout  the  emittance  tests.  Similarly,  no  change  in  the 
visual  appearance  of  the  sample  was  noticed.  The  absolute  total  and  spectral  normal 
emittance  values  were  generally  slightly  higher  than  those  determined  for  sample  5S, 
but  the  total  hemispherical  emittance  values  were  about  the  same.  These  differences 
correlate  with  the  slightly  thicker  oxide  film  indicated  for  this  sample  by  the  initial 
weight-gain  data.  The  relative  directional  emittance  characteristics  of  the  two 
samples  appeared  to  be  about  the  same. 


Photomicrographs  and  electron  micrographs  of  the  sample  are  shown  in  Figures  30 
and  31,  respectively,  and  are  discussed  in  subsection  V.2.a.  No  attempt  was  made 
to  determine  the  oxide  film  Luckness  after  the  emittance  tests. 


An  electron  diffraction  pattern  of  the  initial  oxide  film  was  identical  to  that  shown  in 
Figure  36  for  sample  5S,  indicating  the  composition  to  be  primarily  Fe3C>4. 
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Relative  Spectral  Directional  Emittance  at  \  =  1.5  n,  Stainless  Steel  Sample  No.  5R 
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Relative  Spectral  Directional  Emittance 


Relative  Spectral  Directional  Emittance  at  X  -  4  p,  Stainless  Steel  Sample  No.  5R 


Relative  Spectral  Directional  Emittance  at  \  -  6  /i,  Stainless  Steel  Sample  No.  5R 


6  (deg) 

Figure  137  Relative  Spectral  Directional  Emittance  at  X  =  8  p,  Stainless  Steel  Sample  No.  5R 


14.  STAINLESS  STEEL  SAMPLE  NO.  1S-3 
Preparation:  Unoxidized  (same  as  sample  no.  IS- 2) 

PMS  Roughness:  Not  measured,  but  assumed  to  be  the  same  as  for  stainless  steel 
sample  no.  lS-2 . 

Test  Procedure.  All  emittance  tests  were  made  with  the  sample  in  a  low-pressure 
atmosphere  of  high -purity  hydrogen.  Absolute  and  relative  directional  emittance  data 
were  obtained  at  529  and  953*K  (first  temperature  cycle).  The  s air  pie  surface  was 
inspected  and  appeared  bright  and  clean  (i.e. ,  unoxidized).  Absolute  and  relative 
directional  emittance  data  were  then  obtained  at  531,  674  ,  814,  b55,  and  1086°K,  and 
the  absolute  and  relative  total  directional  emittance  values  were  remeasured  at  the 
end  of  the  1086*K  tests  (second  temperature  cycle)  to  check  the  stability  of  the  sample. 

Emittance  E  ta:  Absolute  emittance  values  are  shown  in  Table  XXVII;  relative  total 
directional  omittance  data  in  Figure  138;  relative  spectral  directional  emittance  data 
at  X  -  1.5,  2,  3,  4,  6,  and  8  p  in  Figures  139  through  144. 

Remarks:  This  sample  was  the  third  of  three  smooth,  unoxidized  stainless  steel 
samples  tested.  (Data  for  the  second  sample  are  given  in  subsection  VH.6.)  The 
sample  was  tested  in  a  low-pressure  atmospnere  of  hydrogen  gas  in  an  attempt  to 
eliminate  the  surface  oxidization  problem  encountered  with  the  two  previous  samples. 

The  emittance  data  indicate  that  surface  oxidation  was  inhibited  at  temperatures  up  to 
1086*K,  but  that  oxidation  occurred  during  the  1086°K  tests. 

To  make  these  tests,  high-purity  hydrogen  gas  was  leaked  into  the  test  chamber  at  a 
continuous  flow  rate  of  0.03  cfh.  This  flow  rate  changed  the  ionization  pressure  gage 
reading  from  2  x  10'6  to  8  x  10-4  Torr,  raised  the  foreline  thermocouple  gage  reading 
from  5  to  150  n,  and  produced  an  audible  change  in  the  sound  of  the  fore  pump,  indicating 
a  positive  flow  rate  through  the  chamber.  Except  for  this  modification,  the  test 
procedure  was  the  same  as  for  the  previous  samples. 

After  the  first  test  temperature  cycle,  the  sample  surface  was  observed  to  be  bright 
and  clean.  Emittance  data  were  then  obtained  at  the  remaining  temperatures.  At 
1086*K,  changes  in  the  spectral  directional  emittance  were  noted  which  indicated  that 
the  surface  was  oxidizing.  Absolute  emittance  values  determined  at  the  end  of  the 
1086*K  tests  also  indicated  oxidization,  and  the  tests  were  terminated.  The  surface 
of  the  sample  was  observed  to  be  uniformly  covered  with  a  light,  gold-colored  oxide 
film  at  the  conclusion  of  the  emittance  tests. 

In  general,  the  absolute  emittance  data  for  this  sample  are  about  the  same  as  for 
sample  1S-2,  although  the  low-temperature  total  hemispherical  emittance  values 
appear  to  be  slightly  high.  This  may  be  due  to  the  conductive  transfer  of  heat  from 
the  sample  by  the  hydrogen  gas.  The  relative  total  and  spectral  directional  emittance 
data  for  this  sample  are  believed  to  be  representative  for  the  unoxidized  stainless 
steel  up  through  the  950°K  test.  The  change  in  directional  emittance  due  to  the  oxide 
that  formed  at  1090*K  is  indicated  in  Figure  138. 

A  surface  photomicrograph  of  the  gold-colored  oxide  film  that  formed  at  1090*K  was 
identical  in  appearance  to  that  shown  in  Figure  30  for  sample  no.  1S-2.  No  electron 
micrographs  or  diffraction  patterns  of  the  oxide  were  obtained;  but  the  characteristics 
are  assumed  to  be  very  similar  to  those  for  samples  1S-2  and  2S. 
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Absolute  Emittance  Data  for  Stainless  Steel  Sample  No.  1S-3 


Relative  Total  Directional  Emittance  of  Stainless  Steel  Sample  "To.  1S-3 


Relative  Spectral  Directional  Emittance  at  X  =  l.  5  n,  Stainless 


Relative  Spectral  Directional  Emittance  at  X  •-  2  fi.  Stainless  Steel  Sample  No.  1S-3 


Figure  141  Relative  Spectral  Directional  Emittance  at  x  =  3  Stainless  Steel  S?„inple  No.  1S-3 


Relative  Spectral  Directional  Emittance  at  X  =  4  p,  Stainless  Steel  Sample  No.  1S-3 


Figure  144  Relative  Spectral  Directional  Emittance  at  X  =  8  pi,  Stainless  Steel  Sample  No.  1S-3 
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